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Feca l  p e l l e t s  from oikooleura vanhoeffeni  and CalanuI 
f inmarchicus were analyzed in t h e  sp r ing ,  summer, f a l l  *nd 
win te r  t o  determine i f  t h e r e  were changes i n  t h e i r  phys ica l  
( s i z e ,  phytoplankton eon ten t  L dens i ty )  or chemical 
( p a r t i o u l a t e  organic carbon 6 p a r t i c v l a t e  s i l i c a t e )  
c h a r a c t e r i s t i c s .  Changes i n  phytoplankton con ten t  due t o  
seasona l  succession were observed i n  both feces  t y p e s  which 
r e s u l t e d  from a change from a diatom based food cha in  i n  thc  
s p r i n g  t o  one based on t h e  microbial  loop i n  tha f a l l .  
changing phytoplankton con ten t  a l s o  r e s u l t e d  in seasonal 
changes i n  t h e  dynamic dens i ty  of t h e  feca l  p e l l e t s ,  due t o  
t h e  d i f f e r e n t i a l  oommctness of the  campanent p a r t i c l e s .  
Changes i n  the dynamic dens i ty  r e s u l t e d  in changes i n  t h e  
p o t e n t i a l  of both f e c a l  p e l l e t  typbs t o  e x i t  the  upper mixed 
l a y e r  and c o n t r i b u t e  t o  v e r t i c a l  n u t r i e n t  and p a r t i c l e  f lux .  
c u r r e n t  l i t e r a t u r e  equa t ions  used fo r  p red ic t ing  t h e  
s e t t l i n g  v e l o c i t y  of f e c a l  p e l l e t s  gave c o r r e c t  t r e n d s  f o r  
my d a t a  bu t  overest imated the  a c t u a l  r a t e s  by 2-100 t imes.  
Empi r i ca l  s e t t l i n g  v e l o c i t y  equa t ions  were developed f o r  the  
two f e c a l  types  based an t h e i r  phys ica l  c h a r a c t e r i s t i c s .  
The r e s u l t i n g  equations f o r  both c. f inmarchicus and Q. 
vanhoeffeni  were modified Stokes equations.  For Q. 
vanhoeffeni ,  t h e  s e t t l i n g  v e l o c i t y  (W,) can be expressed as: 
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and for c. finmarohlous as: 
W,-  .a28 lp,-p) g ~ ' ' ~ i ) . " ~ ~  
where g is the viscosity of the water, p, is the density of 
the fecal pellet, p is the density of the water, g is 
gravity (981 m s-', on is the diameter of an equivalent 
sphere, and L and D are the length and diameter of the fecal 
pellet. Using these equations, seasonal settling 
velocitias were calculated for the copepod feoal pellets. 
Pall c. finmarchicus fecal pellets had the fastest settling 
velocities (25-95 m day"), indicating that thsee feoss have 
a greater potential in contributing to the nutrient flux 
than do spring feces 17-15 m day"). The higher measured 
sinking velocities for Q. fecal pellets suggests 
that they are more likely to leave the upper ]nixed leyar and 
contribute to the nutrient flux than are copepod feces. 
The decay rate for c. finmarchicue fecal pellets was 
the sane in the spring, summer and fall in the field, 
suggesting that the seasonally dependent nutrient flux due 
to fecal pellets is determined not by how fast they decay, 
but by their ability to leave the upper nixed layer. 
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~ecaying and fragmenting facal pellets release dissolved 
rrre a~nino acids (DFAA) into the surrounding water. changes 
in the physical characteristics of the fecal pellets 
resulted in the fall c. fimsrchicus fecal pellets and the 
winter 0 .  vanhoeffeni fecal pellets having the greatest 
potential to leave the upper mixed layer. This inplies 
that, seasonally, the microbial loop can corktribute to the 
nutrient and particle flux through oopzpod and tunicatc 
f BEBS. 
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1.1 ROLE OP PZCAL PEL4BTS 
Pecal pellets are important in a~dimsntation processes 
and in the vertical transport of nutrients, pollutants and 
trace elenents to the benthos, continental shelf and 
bathypalagic environments (Schrader, 1971; Fowler 6 Small, 
1972; Honjo 6 Roman, 1978; PaffenhLifer 6 Knowles, 1979; 
Beuland 6 Silver, 1981; von Bodungen, et al. 1987). The 
cmtribution made by fecal pallets to nutrient flux can vary 
with season, the type of phytoplankton present and the 
zooplankton community structure (Psffenhfifer 6 Knowles, 
1979; Bienfang, 1980; Angel, 1984; Skjoldal & Wanmann, 
1986; ~ichaels 6 Silver, 1988; Wefer, et al., 1988). Swarms 
of salps and pteropods produce large numbers of fast-sinking 
fecal pelletti which result in rapid transport of organic 
detritus to the benthos (Silver & Bruland, 1981; Matsueda, 
st al. 1986). During the time of the swams, these fecal 
pellets may have a greater inpact on geochemical fluxes than 
crustacean, copepod, faces since salp feces tend to be loo 
tines richer in organic carbon and nitrogen per unit dry 
weight (Honjo & Roman, 1978; Bruland 6 Silver, 1981; Smith 
unpubl. data). Gelatinous zooplankton are non-selective 
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filter feeders and =an repackage small fecal pellets through 
coprophagy, accelerating their transport to depth (Silver 6 
Bruland, 1981). 
Recent studies suggest that only large, rapidly sinking 
fecal pellets or thosc incorporated into larger aggregates 
reach depths greater than 1000 m (Mccave, 1975; urrere L 
Knauer, 1981; Lampitt, 1985; Alldradge 6 Gotschalk, 1988; 
Michaels k Silver, 1988). However. large size and high 
sinking velooity do not guarantee export out of the euphotic 
zone, as Alldredge, et sl. (1987) found high concentrations 
of old euphau~iid pellets in the surface wsters off southern 
Calitornia. Over 90% of the euphotic zone organic 
production is recycled in the upper doo m, mainly through 
degradation of fecal pellets and phytoplankton by microbes 
and coprophagy of fecal pellets by larger zooplankton 
(Bishop, et al., 1978; Small, et al., 1979; Hofnann, et al., 
19811. 
1.2 CONTROLS ON THE PLUX POTBIITIAL OP FECAL PELLETS 
Phytoplankton in temperate waters follow a seasonal 
progression from small, aingle-oell diatoms to large chain- 
forming diatoms to unarmored flagellates and beck to siagle- 
cell diatoms (Marshall C Cohn, 1983; Marshall. 1984: Nielsen 
6 Richardson, 19891. The kind of phytoplankton present will 
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influence t h e  zooplankton community. Gelatinous f i l t e r  
f eeders  oonsume mainly micro- ( 2 0  -200 un) end nano- (2-20 
un) p l a n k t e l r ,  whereas copepods i n g e s t  predominately l a r g e r ,  
s i n g l e - c e l l  and chain forming diatoms (Turner, 1981; Deibel  
s, Turner, 1985; Michaels & S i l v e r ,  1988). Thus, ge la t inous  
roop lank te r s  can feed on  the primary members of t h e  
microbial  loop, i.s. b a c t e r i a  and he te ro t roph ic  
nanof lage l l a t e r  (Pomeroy, 1974; Michaels 6 Si lve r .  1988).  
whereas copepods are l inked t o  the  miwobia l  loop  through 
l a r g e r  c i l i a t e s  and protozoans (Berk, e t  a l . ,  1977; P o r t e r ,  
e t  a l . ,  1979; Klein Bre te le r .  1980). 
The t y p e  of phytoplankton ingested a f f e c t s  t h e  p a l l a t ' s  
dens i ty ,  whish i n  turn may e f f e c t  i t s  s e t t l i n g  v e l o c i t y .  
During the  spring and f a l l  phytoplankton blooms, t h e  g u t s  of 
oopepoda become s a t u r a t e d  wi th  food, r e su l t ing  i n  r a p i d  gu t  
passage t imes  (Penry 6 Jumars, 1986).  Consequently, t h e  
feces  are more dense and nay b e  r i c h  i n  o rgan ic  mat te r ,  
the reby  sinXing f a s t e r  and c o n t r i b u t i n g  more t o  t h e  o rgan ic  
f lux than feces during t h e  r e s t  of t h e  yea r  (Dagg s, Walser, 
1986). T h i s  was demonstrated by Bienfang (1980), who found 
t h a t  f e c a l  p e l l e t s  composed p r i m a r i l y  of f l a g e l l a t e s  w e r e  
l e s s  dense (1.11 g om") and sank more slowly t h a n  f e c e s  
composed p r imar i ly  of diatoms (1.17 g om"). 
Sink ing  velocity is dependent i n  p a r t  on t h e  d i f f e r e n c s  
between fecal p e l l e t  dens i ty  and t h e  dens i ty  and v i s c o s i t y  
% 
of the  surrounding water (Komsr, e t  a l . ,  1981).  AS f e c e s  
decay, they  become l e s s  dense (Noji ,  e t  e l . ,  1991) and 
should t h e r e f o r e  s ink  more slowly.  Previous s t u d i e s  sugges t  
t h a t  t h e  sinking ve loc i ty  of a f e c a l  p e l l e t  decreases wi th  
dec reas ing  temperature due  t o  inc r sased  water v i s c o s i t y  
(Fowler & Knauer, 1986 and ref .  wi th in ) .  
Water temperature can a l so  a f f e c t  the r a t e  o f  f e c a l  
p e l l e t  deoay (Honjo L Roman, 1978; Turner, 1979; Roy C 
Poulat .  1990). Most zooplankters produce f e c a l  p e l l e t s  with 
a p e r i t r o p h i c  membrane. The breakdown of t h i s  membrane and 
t h e  t o t a l  decay of t h e  p a l l e t  is a funotion of water 
temperature and  i t s  a f f e c t  an miorob ia l  and protozoon 
a c t i v i t y .  The pe r i t roph ic  nembrane is consumed by bac te r i a  
e i t h e r  from t h e  water column o r  Erm within the Feces. 
Alldredge ,  e t  al. (1987) found b a c t e r i a  mainly wi th in  
euphaua i id  f e c a l  p e l l e t s ,  whereas Hanjo L Ronan (1918) found 
microbes at tached t o  the  ou t s ide  of copepod p e l l e t s .  These 
e x t e r n a l  b s c t e r i e  nay be an a r t i f a c t  o f  l abora to ry  
incuba t ion  or r e t r i e v a l  methods due t o  con tac t  w i t h  the  
c o n t a i n e r o s  w a l l s  (Gowing L s i l v e r .  19831, and may lead t o  
an increased decay r a t e  i n  the l abora to ry .  More recan t  work 
sugges t s  t h a t  zooplankton f a c i l i t a t e  t h e  decay process 
through coprochaly or  coprohexy (Lampitt, e t  a l . ,  1990; 
Noj i ,  e t  a l . ,  1991). 
The r a t e  a t  which f e c a l  p e l l e t s  are degraded c o n t r o l s  
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i n  pa r t  t h e  r a t e  a t  which n u t r i e n t s  a re  released t o  the 
surrounding water and tho  r e s u l t a n t  supply of energy from 
f e c a l  p e l l e t s  t o  both t h e  benthos and t h e  bathypelagic 
environments. Jumars, et a l .  (1989) suggested t h a t  90% o f  
t h e  DOC (dissolved organic carbon) i n  small  f e c a l  p e l l e t s  
(diameter c 100 Fn) di f fuses  o u t  within 2 s of egestion.  
Microbes a l so  u t i l i z e  many of t h e  nu t r i en t s  within Feces 
(Pomeroy, e t  a l . ,  1984). Amino ac ids  and paly- and mono- 
unsa tu ra ted  f a t t y  ac ids  i n  f eca l  p e l l e t s  are u t i l i z e d  o r  
degraded in t h e  upper  mixed l a y e r  (Wakeman, e t  a l . .  1981). 
However, wax e s t e r s  and sa tu ra ted  f a t t y  ac ids  remain in 
f eces  c o l l e c t e d  from deep water, ind ica t ing  t h a t  some f e c e s  
can provide energy t o  t h e  bathypelagic environment (Wakeman, 
e t  a l . ,  1984; Matsueda, a t  al . ,  1986). 
In  Conception Bay, Newfoundland (47' 30'N, 53' OO'W), 
t h e  su r face  water ranges from <-I0 C t o  12' C. The bay has 
a lnavimum depth of 270 m, and water below ca. 100 m i s  never 
above 0- C. The eastern coast  o f  Newfoundland i n  dominated 
by the Labrador Current, which enters Conoeption Bay as a 
tongue o f  cold water a t  a sill depth of 170 m ( h q g e t t ,  et 
a l . ,  1984; Taggart 6 Leggett, 1987).  The sp r ing  diatom 
bloom occurs when t h e  su r face  wa te r  is still c OD C, and i s  
b 
dominated by chain-forming chaetoceros s p p . ,  ~ h a l a s s i o s i r a  
spp.  and Fkeletonena coatarum (Grev l l l e )  c l eve  ( m c ~ e n r i e ,  
unpubl. o b s . ) .  Bao te r i a l  numbers and a c t i v i t y  a t  t h i s  t i m e  
are suppressed due t o  low temperatures and s u b s t r a t e  l e v e l s  
(Poaeroy h Deibel, 1986; Pomeroy, e t  s l . .  1991). and much or 
t h e  phytoplankton s inks  i n t a c t  t o  t h e  sediment (Thompson, ct 
a l ,  1986).  Zooplankton abundanoa l ags  behind t h e  peak of 
t h e  diatom bloom due t o  the  e f f e c t  of temperature on copegod 
development r a t e  (Redden & Deibel ,  unpubl. obs.) .  
!3hms finmarchicus, a r a p t o r i a l  suspension feeder, i s  
one of t h e  most abundant l a r g e  copepods i n  t h e  bay. capepod 
f e c a l  p e l l e t s  have been f m n d  in sediment t r a p s  i n  
Conception Bay a t  the  end of may and i n  June, near the  end  
of t h e  s p r i n g  bloom, and they  peak in September and October 
(McKenrie, unpubl. obs.) .  Th i s  sugges t s  tha t  a t  c e r t a i n  
t i lner t h e  f e c a l  p e l l e t s  from C. f inmarchicus could be 
c o n t r i b u t o r s  t o  t h e  v e r t i o a l  p a r t i c l -  f l u x .  
Oikooleura vanhoef fed  is a p e l a g i c  t u n i c a t e  t h a t  
produces a mucous house and f i l t e r  feeds with a mucous n e t .  
It is nost prevalent  i n  the  f a l l  through ea r ly  sp r ing  
(October t o  March) (Davis. 1982). When phytof lege l l a t es  
predominate it is an important  g r a z e r  and con t r ibu tes  both 
houses and  feces  t o  t h e  organic f l u x  (Redden, e t  a l . ,  1988).  
Fecal p e l l e t s  from 0. vanhoeffeni have been found i n  
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sediment t r a p s  i n  a l l  months. but  wi th  a maximum i n  December 
(McKeneie, unpubl. obr.)  . 
The objec t ive  of my research is to determine seasonal  
changes in phys ica l  ( s i ze ,  phytoplankton content ,  dens i ty  
and decay r a t e )  and chemical (pa r t i cu la te  organic carbon, 
pa r t i cu la te  s i l i c a t e )  cha rac tee i s t ios  of 
finmarchicus and O i k o ~ l e u r a  vanhoaffeni  f e c a l  p a l l e t s .  
n e a s u ~ a d  s e t t l i n g  ~ e l o o i t i e s  w i l l  be compared t o  predioted 
values obtained f r o m  ourrant  l i t e r a t u r e  equations t o  
de te rn ine  t h e  accuracy of these equations for  p red ic t ing  
seasonal  s e t t l i n g  ve loc i t i e s .  The dependence of f e c a l  
p e l l e t  s e t t l i n g  ve loc i ty  with physical  c h a r a c t e r i s t i c s  of 
t h e  feces  w i l l  be examined. This seasonal  da ta  w i l l  then be 
analyzed t o  determine i f  any v a r i a t i o n s  i n  t h e  phys ica l  or 
chemical c h a r a c t e r i s t i c s  of the  feca l  p e l l e t s  w i l l  a f e s c t  
t h e  p o t e n t i a l  p a r t i c l e  and nu t r i en t  f l u x  due t o  these  feces 
i n  coas ta l  Newfoundland waters. Could the  p o t e n t i a l  of 
these  feoal  p e l l e t s  t o  leave t h e  upper mixed l ayer  and 
con t r ibu te  t o  the  v e r t i c a l  nu t r i en t  f l u x  be seasonally 
dependent? 
2.1 ANImL ALlD PELLET COLLECTION 
O i k o ~ l e u r a  vanhoeffeni  was c o l l e c t e d  i n  400 m l  g l a s s  
jars by SCUBA d i v e r s  i n  March, June and November 1990, and 
January and February 1991, from bogy Bay. Newfoundland. 
Canada (47' 37'N, 52' 39'W). Immediately a f t e r  c o l l e c t i o n  
t h e  jarr ~ o n t a i n i n g  animals were p laced  i n  a, flow-through 
seawater b a t h  i n  t h e  laboratory.  A f t e r  1 h and no longer 
than 12 h l a t e r ,  any j a r s  con ta in ing  h m s e s  (>  90% of tho  
jars) had t h e  houses shaken by hand t o  r e l e a s e  p e l l e t s  
trapped i n s i d e .  The house and animal were then removed and 
t h e  remaining water was poured through a 20 om n i t e r  f i l t e r  
t o  Co l leo t  p e l l e t s .  Fresh, i n t a c t  p e l l e t s  were removed Crom 
t h e  f i l t e r  and p lpe t t ed  i n t o  a beaker or  v i a l ,  or on to  a 
f i l t e r  for f u r t h e r  analysis .  
Calanun finmarohicus was c o l l e c t e d  from Conception Bay, 
Newfoundland, i n  Apr i l ,  Ju ly  and September 1990 and April  
1991, from obl ique  net  hau l s  with a 0.5 rn planKtan n e t  
f i t t e d  with 350 pm nylon mesh (Nitex) and a closed cad end 
CUP. The n e t  was lowered t o  200 m, towed for 1 minute, and 
then r e t r i e v e d  a t  a r a t e  of 13 m "in". Cod end con ten t s  
were emptied i n t o  a bucket con ta in ing  water from t h e  
9 
subsurface chlorophyll  maximum (SCM) . Within 3 h ,  a d u l t  C. 
f innarohious females were removed from t h e  buoket and plaoed 
i n  a l a rge  (24 x 24 x 15 cm) W C  cup with a bottom of 505 pm 
ni tex  mesh. The cup was suspended i n  a buoket containing 
water from t h e  SCM and incubated In t h e  l abora to ry  a t  
ambient seawater temperature (-1' t o  10' C )  for 1-12 h. 
DurIng the  1-12 h incubation period, t h e  PVC cup war removed 
fl.01. t h e  bucket  and the water wan passed through a 20 Irm 
n i t ex  meeh t o  c o l l e c t  a l l  fecal p e l l e t s .  P e l l e t s  were 
removed from t h e  f i l t e r  by pipe t t e  a n d  placed i n  a beaker o r  
v i a l ,  or on to  a f i l t e r  for  fu r the r  a n a l y s i s .  
SEMONAL DIPFEBQICES I N  THE P E C K  PELLBl' COI(TENT8: 
IMPLICATI(OIB FOR POOD WW D Y I N l I C s  I N  COWTAL NEWFOUNDLUD 
WATERS 
The contents of f eca l  pe l l e t s  from Oikooleura_ 
vanhoeffeni and Calanus finmarchicus were examined in the  
spring,  summer, f a l l  and winter. The con ten t  of the  cecal 
p e l l e t s  varied seasonally, resembling ava i l ab le  pa r t i c l e s  i n  
the water column. This indicated a temporal succession l'rom 
a diatom-based food chain i n  tha  winter  and spring t o  one 
based on the microbial  loop in t h e  summer and f a l l .  
Bacteria, cyanabacteria, choanaflagellates,  c i l i a t e s ,  and 
haterotrophic dinoflagellates were Pound in the feces, 
suggesting a d i r e c t  l ink between the microbial  loop and both 
crustaceans and pelagic tunicates.  
Primary production by phytoplankton and bacteria forms 
the basis of all aquatic food webs. The composition af the 
phytoplankton community in coastal, temperate waters varies 
seasonally, iron a predominance of large, chain-forming 
diatoms in the winter and spring to dinoflagellatas, 
protozoans and nanoplankton in the summer and early fall 
(Marshall & Cohn, 1983; Marshall. 1984). This results in a 
succession from a predominately diatom-bared food chain in 
the winter and spring to one based on the microbial loop in 
the summer and fall. However, interactions among 
phytoplankton, baoteria, protozoans and zooplankton are not 
well understood. How and to what extent are microbial food 
webs linked to metaeosns? Do rlnall plankton act as energy 
links 1i.e. prey) or as sinks 1i.e. decomposers)? How does 
the nature of this linkage vary seasonally in coastal 
Newfoundland waters that are dominated by the sub-arctic 
Labrador current? 
Primary production in many oceanic and coastal areas is 
dominated annually by nanoplankton (2-20 pm) and 
picoplankton (< 2 pm) (moth, et a l . ,  1982; ~urphy 6 ~augen, 
1985; Hoepffnar L Haas, 1990). It is known that copepods 
and euphausiids are not able to feed efficiently on 
particles c lo srn in diameter (Marshall L Orr, 1955; Nival 6 
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Nival, 1976; Fenshel, 1988). and that protozoans, such as 
ciliates and choanoflagellates, may consume 4-70% of the 
annual phytoplankton production (Burkill, et al., 1987 and 
ref within). These observations suggest that at certain 
tines most of the primary production is recycled in the 
upper mixed layer (i.e. through the microbial loop), and 
that only large phytoplankton > 20 pm in size contribute to 
the nutrient flux out of the euphotic none. However, 
mucous-net feeders that occur in brieF swarms, such an 
aalps, doliolids and appendicularians, ingest nanoplankters 
and piooplenkters efficiently (Harbison and McAlister, 1979; 
~ullin, 1983; Deibsl and Lee, unpubl. obs.). Thus, small ( c  
2a rrm) plankters can be transported to depth through tho 
feces of mucous-net feeders (Michaels h Silver, 1988). 
  he purpose of my study was to examine how the 
phytoplankton content of the fecar from Calanus 
m r o h i c u s ,  a raptorial, suspension-feeding oopepod, end 
oiko~leura vanhoeffeni, a pelagic tunioate that feeds with a 
mucous filter, varies seasonally. The composition or the 
feoes providea qualitative information on the structure of 
the road web and on the seasonally changing role of 
different organisms in energy flow. 
3.3 WTERIALB AND METXODB 
3.3.1 OENERIL 
oiko~leura vanhoeffeni was collected in March, June, 
and November 1990, and January 1991, while Salaws 
finmarchicus wan collected in April, July and September of 
1990, using the aethod described in Chapter 2. 
3.3.2 AUALYBIB 01. PELLW AND WATER COLIllUl CONTENTS 
Fresh, iatact pellets were removed from the filter and 
pipetted into a beaker containing distilled water to rinse 
off salt crystals. The water containing the pellets was 
then passed through a 0.45 vm nylon filter (13 rnm in 
diameter, Micron separations In..). The filter with 
attached pellets was put through an ethanol dehydration 
series (50%. 70%. 85%.  95%. 100%). critical point dried and 
coated with gold (Turner, 1984). Contents of the pellets 
were viewed on e Hitachi 6 570 scanning electron microscope 
(SEM) with the upper detector set at 15 Kv and an 8 mm 
working distance. niter critical point drying, 50% of the 
pellets were pulled in half using double-sided tape before 
being mounted and coated with gold. 
In each season, 6-8 fecal pellets from both 
fingarFhioUr and Oiko~leura vanhoeffeni were examined at 
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3000X using sm. 3000-5000 fields were scanned on Q. 
yanhnefreni pellets (average pallet area was 9 .73  x 105 
p d ) ,  and 500-700 fields were scanned on c.  finmnrcllicus 
pellets (average pellet area was 1 . 4 2  x l o 5  pmz). 
Photomicrcqraphs were made of all phytoplankton species that 
appeared in > 20% of the fields and of those that wera 
unique or rare. Intact cells were measured to the nearest 
0 . 1  pm, and were identified to genus and/or species when 
possible. Taxe that appeared in s 50% of the fields were 
tabulated es "abundant", those that appeared in 20-50% as 
and those that appeared in < 20% "rare". 
When Calanus finmarchicus was collected, 180-ml samples 
Were taken from the subsurface chlorophyll maximum (SCM) for 
microscopic analyeis. Cell asmples were stained with 
Lugol's iodine and fixed in 5% borate-buffered formaldehyde 
in seawater. 10-50 ml samples were allowed to settle for 48 
h, followed by identification end counting at 200 and 400X 
using a zeiss Axiovert 3 5  inverted microscope with phase 
contrast, following the method of Utermehl ( 1 9 5 8 ) .  
R complete species list of the oontents identified from 
the fecal pellets of Calanus and Oikooleura 
vanhoeffeni is given in   able 3.1. The contents for both 
fecal types varied seasonally. 
1n March, 9. vanhoeffeni feces were full of diatoms (Fig. 
3.1A) and chrysophytes (Pig. 3.16). Dinoflagellates, 
silicoflagellater;, coccolithophorids, choanoflagellates, 
ciliates and bacteria were "rare". Many cells waee intact 
and diaton chains were observed. Cells ranged from 0.7-183 
pm in least dimension in valve view, with most s 10 pm in 
size. 
In April, broken diaton shells (Pig. 3.1C) dominated 
the contents of C. finmarchious feces, including SLeletone.a 
(Fig. 3.lD), Chaetoceros epp., Thalasaiosira spp. 
and Frssillarioasis spp. Intact cells ranged from 5-18 pm 
in least dimension. Chrysophyte and dinoflagellate remains 
were "rare". 
The water sample was dominated by diatoms, primarily 
. . OPP. and Chaetocer~s spp. (Table 3.2). 
Unidentifiable spheres c 2 lrln in diameter ware copious, 
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followed by ohoanof l sga l l a t es  end chrysophytes. C i l i a t e s  
and d i n a f l a g e l l a t e s  were scarce. T o t a l  c e l l  concen t ra t ion  
was 1.58 x 10' e". 
~roken and un iden t i f i ab le  diatom f r u s t u l e s  dominated 
f e c a l  p e l l e t  contents of O i k o ~ l e u r a  vanhoeffeni a t  t h e  end 
of  Hay and beginning of June (Fig. 3.2A) .  Ind iv idua l  c c l l s  
ranged from 1-167 (1. i n  l e a s t  dinension i n  valve view. 
o i n o f l a g e l l a t e  fragments were ncornmon90 (Fig.  3.20 8 C ) .  
~t t h e  end of June and e a r l y  Ju ly ,  t h e  p e l l e t  con ten t s  of 
ca lanus  f inmarchicus ware diverse.  Broken diatom s h e l l s  
were "abundant" (Fig. 3.2A) .  b u t  b a c t e r i a ,  choanof lage l l a t es  
(Fig. 3.2D). cyanobacterie,  d i n o f l a g e l l a t e s  (Pig.  3.20), and 
diatom c y s t s  were "common". I n t a c t  c e l l s  ranged from 
1-44 rm i n  l e a s t  dimension. 
P a r t i c l e s  i n  the  water were dominated by macroscopic 
floes of "marins snow" (Table 3 . 2 ) .  Few i n t a c t  diatoms were 
presen t .  Spheres c 2 pm i n  diameter were t h e  most p reva len t  
live organisms. ~ m n o d i n i u m  rpp . ,  choanof lage l l a t es  end 
o i l i a t e s  were present .  To ta l  c e l l  concen t ra t ion  was 
1.91 x lo5 e-' .  
1n septembee, C&gm.w feces were dominated 
by nanoplankton, including ciliates (Fig. 3.3A), bacteria. 
oyanobacteria (Fig. 3.38), choanoflagellates (Fig. 3.3C). 
cysts ( ~ i g .  3.301, cryptononads, chrysophytes, diatoms (Fig. 
3.3E) and dinoflagellates. cells ranged from 0.5-87 pm in 
least dimension. small diatoms were "rare". 
chryr;aphytes and unidentifiable spheres c 2 pn in 
diameter dominated the cells in the SCN (Tabla 3.2). Small 
( <  15 pn) and large (>  20 pm] ciliates ware plentiful, as 
were choanoflagellates, gpnodinoid dinoflagellates and 
marine snow. Total oell abundance was 3.13 x 105 t". 
In November, diverse nanoplankton species dominated the 
fecal pellets of Oik leura vanhoeffL.ni. Coocolithophorids 
(Fig. 3.3F), choanoflagellates (Fig. 3.3G). chrysophytes, 
dinoflagallatss (Fig. 3.3H), euglenoids (Fig. 3.31). 
silicoflagellates (Fig. 3.35). ranthophytes and cysts (Fig. 1 
3.3K) were "abundant", and "rare" was a testate rhisopod ! 
(Fig. 3.3L). with many partially broken cells. Intact cells I 
ranged from 0.9-57 am in least dimension. ! 
Diatoms, including %,eletonem costaturn, Chaetoceroe spp. 
(Fig. 3.4A), and Brcooellulus carnuoervis (Fig. 3.481, and 
coccolithophorids (Fig. 3.4C) ware the main components in 
the fecal pellets of 9. vsnhoeffeni in January. 
Chrysophytes, dinoflagellates, choanoflagellates and 
ciliates were "common" (Fig. 3.4D). Small cells appeared to 
be intact but many larger cells and chain-forming diatoms 
Were cracked. Intact cells ranged from 1-66 11. in least 
dimension. 
The seasonal succession of phytoplankton and microbt?~ 
is reflected in the changing composition of the feces of 
vanhoeifeni and fimarchicus. Large, 
chain-forming diatoms dominate phytoplankton biomass and 
numbere during the spring bloom in Newfoundland water* 
(Table 3.2). These autotrophio species deplete dissolved 
silica in surface waters by the end of May (Thompson, et 
sl., 19861, resulting in a 200-fold decrease in diatom 
concentration by June and early July (Table 3.2). Bacterial 
activity is suppressed during the bloom due to low 
temperature and substrate levels (Pomeroy and Deibel, 1986; 
Poaeroy, et al., 1991). Phagotrophic and mixotrophic 
organisms are found in all seasons, though they predominate 
in the summer and fa11 as components of the microplankton 
and nanoplankton cornunities in coastal waters (Stoeder, et 
al.. 1989; Paranjape, 19901. In my samples, unarmored 
dinoflagellates and ciliates together made up 128 and 9% of 
the cell numbers in the summer and fall respectively (Table 
3.21. Thus, bacterial numbers and heterotrophic flagellate 
biomass track the seasonal cyole of water temperature, which 
peaks in the late summer and early fall (Powell, st al. 
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1987). In the late fall and winter, single-cell diatoms 
beoome abundant, most likely in response to increased 
vertical transport of essential, inorganic nutrients 
resulting from destabilization of the water column. 
The content of the feces of bath 0 .  VanhoPfeni and c. 
f' archisus refleots the phytoplankton succession and 
relative abundance of particle size classes available in the 
sm at the time of sampling. Diatoms ere the primary 
component of both animals' feces in the winter and spring, 
especially ohain-forming SkeletDnema m, Chseroceros 
bpp., Thalassiosira spp. and Frasillario~sis spp. (Figs. 
3.1, 3.4). An assortment of nanoplankton species fill the 
feces in the fall (Fig. 3.3). Also abundant are amorphous 
mucous blobs which may be the remains of soft bodied 
plankterr or marine snow. The large numbers of broken 
diatoms in the feces in the summer (Fig. 3.2) and the few 
intact diatoms found in the water oolumn suggest that both 
O. vanhoeffeni end r. finmarctdsus are feeding on marine 
snow derived from fragmented diatoms. I an not attempting to 
quantify the relative importance of amorad vs. unarnorsd or 
autotrophio YS. heterotrophic planktere as a food source for 
copepods and appendioularians. 
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9 . 5 . 1  ;L CIUNOIUG POOD WEB: LIUKB TO THE MICROBIAL M O P  
  he fecal pellet contents of 2. and C. 
finmarchicus follow a similar seasonal pattern. They are 
dominated by large diatoms in the spring (Fig. 3.1) and 
small nanoplankton and bacteria in the fall (Fig. 3.3). 
Summer and winter fecal pellets have an even mixture of 
large diatoms and small nanoplankton (Figs. 3.2, 3.4). thus 
showing seasonal shifts in food web structure (Fig. 3.5). 
This confirms the role of the oikopleuride as a "generalist" 
suspension feeder, and should result in a seasonal change 
from the flux of opal from diatoms in the spring (Fig. 3.1) 
to cal~ite fron cocoolith~phorids in the fall (Fig. 3.3). 
sediment traps fron Conception Bay show maximum copepod 
(C. finmarchicus) fecal pellet flux in September and October 
(McKenzie, et al., unpubl. obs.), indicating that they are 
able to consume the nanoplankton in early fall. The 
surprisingly high content of bacteria (Fig. 3.3) and 
nanoplankton in the fall c. finnarchicua feces raises tha 
question of the validity of existing oonceptual models of 
the classic food chain, from large (> 20 #m) diatoms to 
copepods to fish, and suggests it is time to look for 
mechanisms to explain how this consumption of bacteria and 
nanoplankton takas place. 
My observations indicate that 2. vanhDelfsni and c. 
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finmarchi~us ingest large quantities of non-phytoplnnktonic, 
food particles, generally overlooked in laboratory feeding 
studies and energy flow nodela. Marine snow is absent 
during the spring, but mskea up 36% and 72 of the total 
particles in the summer and fall respectively (Table 3.2). 
since these aggregates are large (2 50 !dm), they, together 
with attached particles, may be ingested by !2. Einaarchicus, 
creating an avenue for the vertical flux of bacterial 
biomass. These observations cmld also help explain the 
controversy over external vs. internal pellet decay (Honjo & 
Roman, 1978; Gowing 6 silver, 1983; Alldredge, et al.. 1987) 
by indicating a source (i.e. marine snow) Ear the internal 
bacteria found in some fecal pellets. 
Previous studies have shown that r. fimarchicus is an 
indiscriminate, raptorial feeder, ingesting those particles 
present in greatest abundance (Coules. 1979; Ishimaro, et 
al., 1988). Particles < 10 pm have been found in c. 
LLmarchicur feces (Huntley, 1981; Ishimaru, et al.. 1988). 
indicating that although this copepod is not able to filter 
partiole. of this size efficiently (Nival 6 Nival, 1976). 
such particles nay be ingested when abundant andlor trapped 
within marine snow aggregates. There are reports of 
copepods and euphausiids eating ciliates, tintinnids, 
ohoanoflagellates, heterotrophio dinoflagellates and 
oocoolithophorids (Berk, et al., 1977; Honjo & Roman, 1978; 
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found in the fecal pellets of P. finmaechious and o. 
vanhoeffeni. 
It is axiomatic that oiliates and phagoteophic 
protozoans represent the main link between micraheteeotrophs 
and copepods (Porter, et al., 1979; Sherr, et al., 1986). 
However, my observations indicate chat both capapods and 
appendicularians are ahle to feed an bacteria, heterotrophic 
nanoflagellates and ciliates (Fig. 3.2, 3 . 3 ) ,  and thus ere 
capable of mediating a flow of energy out of tha microbial 
loop. My observations also have important methodological 
inplicatians, because the conventional dilution technique 
for determining the grazing pressure on bacteria and other 
picoplanxton does not measure their consumption by 
metazoans, such as capepods and tunicates. This may result 
in the erroneous oonclusion that the microbial loop is an 
energy sink. 
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Turner, 1984; Marchant 6 Nash, 1986; Tanoue & Hara. 1986; 
Ishinaru, et 2.1.. 1988). implying direct removal of biomass 
from the microbial loop. 
Azan, et al. (1983) defined the minobial loop as the 
interaction between bactaria, flagellates and 
mi0ro~ooplankton. Choanoflagellates are considered 
important bactariovores and members of the mir'robial loop 
(sherr, et al., 1986). mrica remains from 
choanoflagellates were found in tho fsoes of both Q. 
vanhoe- and r. finmarchicus (Pig. 3.2, 3.3) and thus 
represent a direct link between macrozooplankton and the 
microbial loop. The lorica was frequently broken in my 
samples and the remains were often difficult to recognize. 
This fragility may explain the relatively few reports of 
choanoflagellate remains in fecal pellets of 
macrozooplankton. 
Heterotrophic dinoflagallates are also important 
grazers on bacteria and phytoplankton, and provide an 
important foad source for copepods (Klein Bratelar. 1980). 
ggpto~eridiniula dellresrun has been reported to feed on 
bacteria (Lessard & swift. 1985), and many unarmored 
dinoflasellaten are phagotrophic, forming important links in 
food chains (Kimor, 1981; Odate L Neita, 1990). Both P. 
deoressurn (Pig. 3.2) and unarmored dinoflagellates were 
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Tabla 3.1, Phytoplankton content  of O i k o ~ l a u r a  vanhoeffeni  
and Calanus f inmarchicus Fecal P e l l e t s .  
SPECIES SPRING S W g R  BALL WIUTER 





BerkeleVa s p .  
Chaetooeros spp. 
G a ! x a d €  SPP. 
r s l s & o e J s ~  
radiatus 
Cyclotelu spp.  
P r a q i l l a r i o ~ s i s  spp .  
p. a!&. 
F. c ~ l i n d r u s  
G o m ~ h o n e o ~ i s  
l i t t o r a l i s  
Gomhosentaty.  
m t u a r r i i  
Licnra~hora s p .  
Minidiscus 
t r i o c u l a t ~ ~ i  






00 OD. CI 00 
2 6  
Continuaticm of Table 3 .1  
BPBCIBB SPRING 80WllER PALL RZHTBR 
P-&onema 
kamtsahat i cu  
Pteroncola spp. 
*csz&A!n sp. 
Gvmndinium sp .  
p r o r o c e n t m  spp. 
p. hLt iBn  
P.  minima 
- -  
S c r i n s i e l l a  sp .  
Chrysophyceae 






cc oa, cc 00 
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con t inua t ion  of ~ats:e 3.1 






pe las icus  
Ceaepsdophycaae 
Parv icorb icu la  s p .  
Steohanoeca ap. 
*Lorice bundles 
T in t inn idas  
%%=F- -- 
Others 
Bac te r i a  
C i l i a t e s  
Cyanobacteria 
Cys t s  
mgleno ide  
00 or OD. 
00 CI 00, ca oc 
OX, c a  or 
c r  co 
or O r ,  Ce Oa, c a  o r  
00 OE 
O= found i n  g. vanhoeffeni  f eces  
C= found i n  C. f i n ~ ~ a r c h i c u a  feces  
* fragments, i d e n t i f i e d  by p l a t e  o r  s u r f a c e  morphology 
a= abundant, found i n  > 50% of f i e l d s  viewed 
E= common, found i n  20-50% of f i e l d s  viewad 
r= rare, found i n  c 20% of f i e l d s  viewed i 
i 
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Table 3.21 Cell Counts of Water Samples from Conception 
Bay. 
P ~ T O n  
CATEGORY 
SPRIUQ 8UHllBR P U L  
6-1-90 26-6-90 27-9-90 
(cell @-I) (cell e-1) ("ell e-1) 
Total Cell Count 1.58r106* 1.91x10~* 3.13~10~* 
c 2 en spheres z.ssxro5~~s%) 1.07x1a5(56%1 8.24~10~(28%) 
2-5 pm Spheres 3.23~10" 2%) ** tt 
Choanoflqellatas 6.26~10~1 4%) 1.06x10'( 6%) 4.04~10'1 1%) 
Cryptophytes 2.22x1o41 1%) 5.39x103( 3%) 4.04~10'1 1%) 
Cyanobacteria 2.02~10".1%) 1.62~10'1.8%~ 4.04x1o31 1%) 
Phae~c~stis Sp. 2.50~10~1.2%) ** t* 
Prasinophytes 8 .08r10" .S%) 1.62~10'1 .a%) 8 .08w102 1.2P) 
Prynisophytee 2.42~10' 1 2%) 6.47x10'1 3%) 4.85~10'1 2 9 )  
c 20 !AT Ciliates ** 8.08xlo2[.4%) s.0axlo3( 3%) 
> 20 pm Ciliates l.41x104(.9%l 1.24x1o31.6%) 2.00~10~1.06%) 
Tintinnids ** 8.00~10~ 2.00~10~ 
1.04%) 1.006%) 
Diatoms 9.96~10~163%) 5.55~10~1 3%) 1.o5x1o41 4%) 
Unarmored 
Dinoflagelletes 
4.24~10~1 3%) 2.10~10'(11%) 1.62~10~1 6%) 
Armored 1.01x104~.6%) 2.42~10~1 %) 3.33~10'1 1%) 
Dinoflag811etes 
Marine Snow ** 1.10~10~ 2.34xlo4 
* Total does not Include marine snow 
** There were none present in the sample 

94-a m. 
1. *";"B.1hU d.DIIutB. -1. 
PI$- a ra. 
c. Dfhoihqeuat., *, -19 - = )n- 
o. m i a  (I) and ohonnoflagellate lorica remain. (m) 
~ i g ~ r e  3.3: pa11 Fecal Pellet Contents 
A. ciliate, scale bar= 2 pm. 
a. sacteria (a) and cyanobacteria, Anabeana ap. (A), 
scale bar= 2 pm. 
C. sroken diatom and choanoflagellate lorica remains (Ch), 
soale bar- 2 pm. 
D. Chrysophyte cyst, scale bar= 2 pm. 
E. ~iatom, scale bar= 2 pm. 
F. c~cc~liths from miliana huxlevi, soale bar- 2 pn.  
G. choanoflagellate, Ste~hanoeca sp.. scale bar= 1 ~n 
H .  common dinoflagellate, &i=L&&U sp.. scale bar= 2 !.in. 
I. j&&Sl3 Bp., ~ B F  2 
J. Silicoflagellata, Dictvochq sr&alu,  scale bar- 2 Sm. 
x. Unknown oyst (cy )  and Merinsosh~aera mediterranea (M), 
scale bar- 2 ~m 
L. Testate rhizopod, Paulinalla ovalis, scale bar= 1 pm. 
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*.a I* s8cal P.1l.t OSL- 
I c. ccsiP0lita. fro. m i u m  bsaa&&. s.l* 2 ".. D. D*flag.llate. .p. (P) cheanoflagellate lorica r a i n .  (a), seal 
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Bigore 3.5: Model of Zooplankton Food Web. 
To t h e  l e f t  of t h e  double l i n e  and with dashed l i n e s  is t h e  
c l a s s i c ,  diatom-based food web predominant in  the spring. 
To t h e  r i g h t  of t h e  double l i n e  and with s o l i d  l i n e s  is t h e  
mic lob ia l  loop predominant i n  the f e l l .  
=he dynamic d e n s i t i e s  of f eca l  p e l l e t s  from O i k o ~ l e u r a  
vanhoeffeni and -nus finmarchicus were measured i n  an 
inosrnotic d e n s i t y  g rad ien t .  These a r e  the  f i r s t  r epor ted  
seasonal  measurements of f eca l  p e l l e t  d e n s i t i e s  from two 
d i f f e r e n t  t y p e s  of macraeooplankters, a ge la t inous .  f i l t e r  
feeder and a crustacean,  suspension feeder .  Dynamic dens i ty  
ranges and medians were s ign i f ioan t ly  d i f f e r e n t  among 
seasons f o r  bo th  spec ies ,  depending p r i m a r i l y  on the type of 
phytoplankton ingested and i t s  a b i l i t y  t o  b e  compacted. I  
tsrmed t h i s  d e n s i t y  t h e  feca l  p e l l e t ' s  dynamic dens i ty .  
F a l l  r. finmarchlcus feces  and win te r  0. vanhoef fen i  f eces  
f i l l e d  with nanoplanktere and s o f t  bodied organisms were 
nore t i g h t l y  compacted (Packing Index ( %  open a r e a )  = 4 1 
3.5% f o r  c. f innarch icue  & p. vanhoeffeni  r e spec t ive ly )  and 
more dense (1.19 1 1.23 g 0.") than s p r i n g  feces  f i l l e d  
wi th  diatoms (PacKing Index = 23 & 15% and 1.11 & 
1.13 g cm.3).  mis is opposite the  r e s u l t s  found using t h e  
conventional  l i t e r a t u r e  maes/volume r e l a t i o n s h i p  f o r  f eces ,  
where sp r ing  diatom f i l l e d  feces  had a ca lcu la ted  dens i ty  of 
1.12-1.24 g and f a l l  f eces  con ta in ing  nanoplankters had 
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a c e l m l a t e d  density of 1.08 g an.=.  his disparity can 
nave ilnportant e f f e c t s  on calculated Fecal p e l l e t  sinking 
v e l o c i t i e s  and on flux estimates. Based on the  seasonal 
dynamic d e n s i t i e s .  Fecal pe l l e t s  f i l l e d  with unarmored 
f l a g e l l a t e s  and nanoplankters have a gceater potential  for 
ex i t ing  t h e  upper mixed layer and i n  contributing t o  the 
nutrient f l u x  than do feces i i l l e d  with diatoms. 
pe0.1 p e l l e t s  can t ransport  n u t r i e n t s ,  p o l l u t a n t s  and  
other p a r t i c l e s  from the  euphotic zone t o  t h e  benthos 
(Angel. 1984; von Bodungen, e t  a l . ,  1987; Wefer, e t  a l . ,  
1988). xos t  s t u d i e s  have examined tha s i n k i n g  v e l o s i t i e s  
(Fowler and Small ,  1972; Small, e t  a l . ,  1919) or n u t r i e n t  
comporition (Johanneo and Satomi, 1966; Bruland and s i l v e r ,  
1981; Morales, 1987) of feces a t  a s i n g l e  p o i n t  i n  time. 
From t h i s  work, estimates of p e l l e t  d e n s i t y  and s e t t l i n g  
ve loc i ty  have been ca lcu la ted  and used i n  conjunction v i t h  
sediment t r a p  d a t a  t o  determine t h e  v e r t i c a l  f lux o f  f e c a l  
p e l l e t s  (Dunbar and Berger, 1981; u o r r i s ,  e t  a l . ,  1988; 
Lane, e t  a l . ,  submi t t ed ) .  
The d i f fe rence  between f e c a l  p e l l e t  dens i ty  end t h a t  of I 
t h e  surrounding water i s  an important f a c t o r  i n  determining j 
t h e  s e t t l i n g  v e l o c i t y  of p e l l e t s  (Xomar, e t  a l . ,  1981). 
While s t i l l  wa te r  sinking v e l o c i t i e s  a r e  e a s i l y  measured, 
t h e  a c t u a l  d e n s i t y  of the feca l  p e l l e t s  has r a r e l y  been 
measured (Taghon, e t  a l . ,  1984; ~ l l d r e d g e ,  st a l . ,  1981). 1 Dil lon (19641 r e p o r t e d  s value or 1.19 g cn-3 for copepod 
feces, although he d i d  not r epor t  how h e  obtained t h i s  
value. Density i s  most commonly est imated from measurements 
of mean volume and mean dry weight and c a l c u l a t e d  us ing  a 
vet-to-dry weight r a t i o  along with the  mese/volume 
i 
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r e l a t i o n s h i p  (Bienfang, 1980; Bruland and S i l v e r ,  1981).  It 
is a l s o  p o s s i b l e  t o  e i t h e r  measure o r  t o  c a l c u l a t e  t h e  
s e t t l i n g  v e l o c i t y  and back-calculate p e l l e t  dens i ty  using 
t h e  Komar, e t  a l .  (1981) equations f o r  s e t t l i n g  v e l o c i t y  of 
f e c a l  p e l l e t s  or t h e  Stokes equation.  These methods have 
r e s u l t e d  i n  a r ange  of r epor ted  d e n s i t y  va lues  of 1.06-1.80 
4 cm-3 f o r  c r u s t a c e a n  sooplankton ( c o r n e r ,  e t  s l . ,  1986 and 
m f .  wi th in ) .  
Feca l  p e l l e t  s i z e ,  s e t t l i n g  v e l o c i t y  and dens i ty  va ry  
wi th  t h e  type  and amount of phytoplankton inges ted  (Dagg and 
Walser, 1986; Bienfang, 1980; corner, et a l . ,  19861, y e t  i n  
f l u x  models a cons tan t  dens i ty  value is used; 1.19 or 1.22 g 
cm-3 f o r  copepods (Dil lon,  1964; PefEenhEfer L Knowles, 
1979; Komar, et a l . ,  1981) and 1.10 g cm-3 f 3 r  s a l p s  
(Bruland L s i l v e r ,  1981). These g e n e r a l i z a t i o n s  may r e r o l t  
i n  misleading f e c a l  p e l l e t  f l u x  es t ima tes .  
I n  c o a s t a l  Newfoundland waters,  t h e  success ion  of 
phy top lank te r s  fo l low a seasonal  cyc le ;  diatoms dominate i n  
t h e  win te r  and  s p r i n g  while f l a g e l l a t e s  dominate i n  t h e  
eunmer and e a r l y  f a l l .  Thia is r a f l s c t e d  i n  t h e  con ten t s  of 
t h e  f e c a l  p e l l e t s  o f  two of t h e  major maorozooplankter= i n  
t h e s e  waters,  pikp~leura vanhoeffeni, a p e l a g i c  t u n i c a t e ,  
and  finmarchi-, a ccpepod (Chap te r  3 ) .  P. 
vanhogffeni is an ind i sc r imina te  f i l t e r  f eeder  with no ha rd  
mouth p a r t s ,  w h i l e  r. finmarchicus is a r a p t o r i a l  su=pension 
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feeder that "crushesn food. The purpose of this study wan 
to measure the density of the cecal pellets from these two 
types of grazers over the year and to determine if seasonal 
changes in the diet were reflected in the density of the 
feces. 
oikooleura vanhoeffeni  was co l l ec ted  i n  June 1990 and 
January and March 1991 using methods described i n  Chapter 2 .  
Twenty p e l l e t e  were p ipe t t ed  i n t o  each of four  jars f i l l e d  
with 0.2 pm f i l t e r e d  sea water. M a n u s  f inmarchi US was 
c o l l e c t e d  i n  June and September 1990 and Apr i l  1991 as 
described i n  chapter 2. Twenty p e l l e t s  were pipe t t ed  i n t o  
each of s i x  jars containing 0.2 pro f i l t e r e d  sea water. Al l  
jars with p e l l e t s  were then t r anspor ted  t o  t h e  North West 
~ t l a n t i c  F i s h e r i e s  c e n t r e ,  where dens i ty  a n a l y s i s  was done 
wi th in  1 3  h of c o l l e c t i o n .  N o  decay of t h e  p e l l e t  membrane 
was observed during t h i s  t ime.  
4 . 3 . 2  DENSITY MALYSIB 
The con ten t s  of each jar were poured i n t o  a 50 m 1  
graduated cen t r i fuge  t u b e  and centrifuqed for 5 minutes a t  
2700 rpn  (1500-1600 x g )  on a Beckmann PJG Centrifuge.  The 
superna tan t  war drawn o f f ,  leaving 5 m 1  i n  t h e  tube .  Each 
tube war then  touched t o  a vor tex  mixer t o  resuspend t h e  
p e l l e t s .  
Using a single-channel p e r i a t a l t i s  pump and a 100 la1 
g r a d i e n t  mixer,  t h e  sea water and p e l l e t  mix tu re  was 
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with a 40 m1 linear density gradient following the 
method of schwinghamer, et al. (1991). Density gradients 
ranging from 1.02-1.20 or 1.41 g cn" were created using 
isosmotic colloidal silica (Nalco 1060) plue sucrose 
solution. The filled centrifuge tubes were balanced and 
centrifuged for 17 minutes at 2700 rpm (1500-1600 x 9). 
using the densest Nalco lo6o/sucrose solution (1.41 g 
c.-') to underlay the density gradient, 2 nl volumas were 
displaced upward, through the conical cap of the centrifuge 
tube (Schwinghamee, et al.. 19911, into preweighed glass 
vials and capped. The vials and contents were then 
reweighed and the difference was the weight of the contents. 
The volume of the contents was double checked using a 
Hamilton syringa. Density of the contents and the included 
fecal pellets was calculated using a weight/volume ratio. 
Error using this method war found to be 0.01 g om". 
The length and width of pellets from each density layer 
were measured under a Zeiss dissecting microscope. The 
volume, burface area and frontal cross sectional area were 
calculated for each pellet, assuming cylindrical shape for 
the g. finmarchicus fecal pellets and prolate spheroid ~ h a p e  
for the 0. vanhoeefeni feces. The densities for the pellets 
were regressed against the physical measurements to see if 
there were significant correlations between fecal pellet 
density and size. 
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Pellets were then prepared for sm (scanning eleotron 
microscopy) to examine their contents using the method 
described in Chapter 3. A mean seasonal packing index 
(P.I.) for each fecal type was calculated on the percent 
open area in a crosn-sectional view of the pellet in an 
electron micrograph. The open area was measured using a 
JAVA image analysis system. A cross-sectional view from six 
different fecal pellets from both 0. vanhoeffeni and c. 
finmar~hi~us was analyzed, and the mean P.I. obtained for 
each faces type in each aeason. 
4.3.3 CONVENTIONAL DENSITY DETERMIN&TIONS 
The mean dry weight of fecal pellets from Calnllus 
finmarchicus was found for each season by collecting 60 to 
200 feces on a Filter, and then converted to an average wet 
weight using the conversion Factor of 4.4 (Fowler, 1977). 
The density was calculated using the average wet weight and 
the average voluna far the fscer in each season. 
In another set of experiments, the sinking velocity, 
length, width and dynamic density of a group or feces was 
measured (Chapter 5 ) .  Prom these measurements the density 
of the fecal pellets was calculated using the equations of 
Komar, et al. (1981). Both types of estimated densities 
Were compared to the measured dynamic densities. 
The dynamic density data in each season for both fecal 
types was not normally distributed (Shapiro-Wilk'w, p c 
o.oo1, Pig. 4.1 1 4 .21 ,  SO nonparametric analysis was done 
using Wilcoxon scores (for teeting the ranges) and median 
scores (for tasting the median). There were significant 
differences among the three eeasons in the dynamic density 
ranges (p < 0.01) and medians (p < O.Ol), for bath Q. 
vanhoeffeni end C. finmarchicur, (Table 4.1). The least 
dense pellets were found in the spring for both species and 
the most dense occurred in the fall for C. finaarohiour and 
winter for Q. vanhosffeni, with the largest rsnges occurring 
in the fall and winter, (Pig. 4.1 14.2). In the spring, 
there was no significant dizference in either the range (p 
> 0.10) or median (p > 0.80) dynamic densities between 
species. This was also true for fall C. and 
winter o. vanhorf&~L samples, range (p > 0.30) and median 
(p > 0.90). Summer samples had significant differences 
between the ranges (p c 0.01) but not between the medians (p 
> 0.40). 
The lneasured median dynamic density of C. iinnarchious 
fecal pellets was canpared to the predicted density 
calculated using the mean masalnean volume. In the spring 
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the predicted density (1.12 g cm-'1 was similar to that 
measured in the density gradient (1.11 g cm") . However, 
the predicted density was substantially higher than the 
measured for the summer samples (1.24 g om.' vs. 1.12 g cm") 
and lower than the measured for the fall samples (1.08 g cm- 
vs. 1.19 g cm-').  he predicted fecal pellet density for 
both species, using the Komar, et al. (1981) equations were 
similar. 1.04 g Em -' (g. VBnhoefreni) and 1.06 g cm-' (r. 
finmarchicus). This was 5% lower than the measured dynamic 
density for C. finmarchicus in the spring, and 15% lower 
than the measured dynamic density for Q. vanbseffeni in the 
winter. 
For finmarchicus, fecal pellet volunc was 
significantly different in each season (Fig. 4.31, while for 
oikooleura vanhoeffeni, spring fecal pellet volume was 
significantly different from summer and winter (Fig. 4.4). 
The largest pellate oocurred in the spring for both animals 
and were filled with diatoms. Analysis of covariance was 
used to see if a volume to density correlation existed for 
either r. finmarchicus or g .  vanhoe€€&. Measured seasonal 
volumes for each density value were regressed against the 
observed seasonal dynamic densities. There was no 
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~ig~ificant season x Density interaction (p > 0.071, yet a 
significant season variation (p < 0.01) occurred for both G. 
u a r o h i c u s  or 0. vanhoeffeni, which prevented further 
analysis. IF the fall data set was taken out of the above 
analysis for c. -, there waa no significant 
season variation (p > 0.40) but there was a weak correlation 
between volume and density (p = 0.051. 
seasonal variations in fecal pellet length, width and 
shape (LID) occurred (Table 4.2). Individual data sets for 
both G. finma& and Q. yenhoeffeni were analyzed to see 
if any relationships between dynamic density and particle 
size could be found. For each season and for each species, 
the measured dynamic densities were regressed against the 
mean lengths, mean widths, mean LID and mean volumes of the 
fecal pellets for each density value. Mean values were used 
to decrease the variation of the dependent variable. The 
sane results were obtained when the raw data war used. In 
five out of six cases, no significant linear relationship 
was found. Thara were significant correlations between 
fecal pellet dynamic density and length (p < 0.011, width (p 
c 0.05) and volume (p c 0.01) for the winter Q. vanhoeffeni 
sample. 
Examination of the feces with the scanning electron 
microscope revealed differences in the size and type of 
material ingested in each season. Intact centric and ehsin- 
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forming diatoms dominated the spring Q. vanhaeffeni fecal 
pellets (Fig. 4.5~), while masticated, opine and chain 
roming diatoms Eilled the spring c. finmarchicus feces 
(Fig. 4.58). In the summer, the feces of both species were 
filled with crushed diatom fragments, mucous "blobs" and 
dinoflagellate remains (Fig. 4.5C L D l .  In the fall, c. 
finmarchicus feces were pecked with nanaplankton, bacteria, 
ciliates, dinoflagellates and a feu diatoms (Fig. 4.5F). A 
mixture of cracked diatoms, coccolithophores, 
silicoflagellates and dinoflagellates Eilled the winter Q. 
vanhoeiieni feces (Fig. 4.5~). These seasonal differences 
in content resulted in different mean seasonal pacKing 
indices (i.e. percent free space) for each feces type (Tab10 
4.3). Spring feces from both species were less compact, 
i.e. they had more open space per unit area. The fall and 
winter fecal pellets were the most compact. A negative 
relationship war found between the seasonal median dynamic 
density and the mean eaa~onal packing index, 1.e. as the 
density increased the packing index (percent free space) 
decreased (Pigs. 4.6A L B). 
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4 .5  gX8CU8SION 
4 . 5 . 1  CONTROL8 ON T W  SEA80NAL DENSITY 0. FECAL PELLETS 
significant seasonal differences occurred among the 
ranges and median dynamic densities for r. and 
Q. venhoeffeni. Length, width and volume of the feses also 
varied ssasonally, but in 90% of my date sets, I found no 
relationship between dynamic density and fecal pellet size 
or shape. The amount of food present and the type of food 
ingested has been found to affect the size and density of 
copepod fecal pellets (Beinfang, 1980; oagg k Walser, 1986). 
1n coastal temperate waters, phytoplankteea follow a 
seasonal succearion from diatoms to small flagellates 
(Neilson h Richardson, 1989). In coastal Newfoundland 
waters I found (Chapt. 3) small centric diatoms, 
~halarsiorira spp. and niniQisous m, and pennate 
diatoms, spp. and Fraaillario~sis spp. are abundant 
in the early spring. As the spring bloom progresses, chain 
and spine-forming S&J&&wm and Chaetoceros spp. 
dominate the water column. After the bloom ends, 
gymnodinoids, chrysophytee and marine snow beoome abundant. 
Early in the fall, ciliates, cysts, cheysophytee and marine 
snow are the most common. By January a fairly diverse 
phytoplankton population occurs including coccolithophoras, 
siliooflagellates, chrysophytes, dinoflagellatas and single 
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celled diatoms. 
This change in phytoplankton community Itruoture is 
clearly reflected in the fecal pellet contents (Chapter 3). 
It appears that this change in phytoplankton also affects 
fecal pellet dynamio density. Contrary to Bienfang (1980). 
I found that the fecal pellets filled with diatoms had the 
lowest dynamic density. The compactness of pellet contents 
rather than the primary density of the components has the 
greatest influence on fecal pellet density. The hard shells 
of diatoms and diatom spines cause more empty space (P.I.= 
11-25?, Pig. 4 . 5 1 ,  while nanoplankton and soft bodied 
species are packed in the feces with few empty spacer (P.I.= 
3.5-5%. Fig. 4.5). 
  he fact that the opposite results are found for the 
predicted densities, using the mean masslmean volume 
relationship, may be due to the nature of the particles 
within the feces. Diatom frustules will weigh more than 
bacteria or marine snow. Thus the predicted densities in 
this study and Bienfsng's (1980) suggest more the 
"gravimetric density1!, that due to the weight of the 
component particles. The dynamic density has important 
implications for settling velocity models and the potential 
vertical nutrient flux of fecal pellets. 
seasonal changes in fecal pellet dynamic densities 
could result in changes in the flux of nutrients and 
particulate matter to the benthos. The densest fecal 
pellets of Q. vanhoeffeni were round in January, 
(median=1.23 g ~6'); they contained many coccolithophores, 
resulting in a potentially large flux of calcium caebonate 
to the benthos. Measured settling velocities of 80-500 m 
day.' were found for 0. vanhoeffeni fecal pellets in 
February (Chapter 5 ) ,  suggesting that these fecal pellets 
can exit the upper mixed layer. 
Analysis of sediment trap samples revealed that the 
largest number of copepod fecal pellets appears in the Fall 
(mcKenzie, et al. unpubl. data), when the pellets are the 
densest (median-1.19 g cm"). These pellets are filled 
With nanoplankton, ciliates and bacteria, implying that 
seasonally the microbial loop in temperate waters may be 
linked to the benthos through copepods (Chapter 3 ) .  This 
result is in contrast to the modelling work of Michaels and 
Silver (19881, which suggests that the microbial loop is 
only important to the vertical particle flux when swarms of 
gelatinous zooplankton are present. 
The significant variation in pellet volume and denslty 
between the spring and fall and winter samples implies that 
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there are two very different populations of fecal pellets. 
This agrees with previous studies which found that copepod 
pellets vary in volume with the type and amount of food 
offered (Bienfang, 1980; Dagg & Walser, 1986). Tunicater 
are known to be indiscriminate filter feeders (Alldredge b 
Madin, 1982). Yet, a constant fecal pellet density value 
can not bs assumed for the year for tunicates. My results 
agree with others which suggest that c. finmarchicus can be 
an indiscriminate suspension feeder, consuming particles 
which occur in the greatest abvndance regardless or size 
(cowles, 1979; Iehimaru, et al., 1988). 
The seasonal variation in fecal pellet dynamic density 
has important implications for flux models. The flux of 
fecal pellets is influenced by the sinking rate and decay 
rate of the pellets and by the zooplankton community 
structure (HoPmann, et al. 1981; Noji, 1991). Using a 
single, average density may lead to erroneous estimates of 
seasonal variation in pellet flux. Using the literature 
value of 1.22 g cm.' for copepod fecal pellet density 
(Komar, et al. 1981). a seasonal variation in sinking 
Velocity of 10 m day.' is found, yet this settling velocity 
is 2-3 times higher than that predioted for all seasons 
using the median or modal dynamic density values in my 
study, (Table 4.4). The opposite is found far P. 
vanhoeffd, for whioh the use of e reported salp fecal 
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median density gives maximum rates 37% lower than that found 
using the full range of densities. This differcnoe becomcs 
more pronounced for fall and winter feces where the range of 
dynamic densities is greater, end using the median value 
gives maximum settling velocitiee that are 140% lower than 
that found using the full range of density values. Thus 
using one density value for the year and within one season 
can lead to miscalculating the potential of the feces to 
leave the upper rnired layer. 
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pellet density of 1.10 g cm-' (Bruland 6 silver, 1981) gives 
~ettling velooities 2-5 times lower than those predicted 
using the median end modal values from this study. 
My data suggest that fall and winter fecal pellets have 
the greatest potential for leaving the upper mixed layer and 
contributing to verticle particle flur. This is 
substantiated by sediment trap samples which show maximum 
copepod fecal pellet flux from August to October, and 
~aximuin aikopleurid fecal pellet flur in oecenber (NoKenaie, 
et al. unpubl. data) The need to know accurately the 
seeoonsl dynamic density ranges of the fecal pellets is 
important in determining the actual potential role that 
feces may play in particulate flux. Using the equation for 
copepod fecal pellet settling velosity from Chapter 5, and 
the densities and fecal pellet sizes reported here, I can 
calculate sinking velocities. Using the median dynamic 
density value for the spring (1.11 g on.'), results in 12 m 
day.' settling valasity range (13 - 25 m day.') but if the 
minimum and maximum dynamic densities (1.07 & 1.16 g cd') 
are Used a 32 m day" settling velocity range is obtained (7 
- 39 m day"'. Using the literature value of 1.22 g om.' 
gives a predicted settling veloaity range oi 28 m day'' 
(28 - 56 m day-1). changing the density of the fecal pellet 
by 10% (my median value vs. literature) can result in a 55 - 
80% change in the predicted sinking velocity, and using one 
Figure 4.1: seasonal Density Distribution of Oiko~leura 
vanhoef fed  Fecal Pellets. 
Pigure 4.2: Seasonal Density Distribution of Calanus 
finlaarchicur Fecal Pellets. 
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 able 1.1: seasonal values of Fecal Pellet Densities for 
&kopleura vanhoeffeni and finmarchicus. 
8PJ)BON N RANQI MEDIAN HBM MODE 
9 g cn-' g c ~ - ~ + s D  g cm-" 
SPRING 
g. vanhoeffeni 4 8  1.09-1.17 1.13 1.13k.02 1.15 
C. finnarchkug 287 1.07-1.16 1.11 1.11+.02 1.09 
FALL 
C. finmarchicu~ 131 1.10-1.30 1.19 1.17f.05 1.13 
WINTER 
g. vanhoetfeni 73 1.16-1.32 1.23 1.21t.04 1.18 
Table 4.2: Mean Seasonal Pellet Lengths, Widths, shapes 
(L/D) and Volumes for Oiko~leura vanhoeffeni and 
f inmarchicus. 
S61SON &ENQTR(lrm) WIDTHllm) L/D(P.) VOLUI~EI#~') 
e +so r *so r tso r *so 
SPRING 
0. effgni 10112362 306299 3.1t2.5 5.22+4.90xlos C .  %rchLcus 5642167 69213 8.2I2.0 2.2621.37~10' 
S W E R  
0. Ya hoeffeni 5342158 201279 2.7+1.2 1.1121.37~10" 
C. fiEmarohicus 3262124 70219 4.723.0 1.4521.21~10~ 
FALL 
C. finmarchicus 3122110 58+14 5.49.9 9.31+8.19~10~ 
WINTER 
0. vanhoeffeni 529+179 171t70 3.123.5 8.71+11.8%10' 
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rigure 1.3: mean Seasonal calanus finmarchicus Fecal Pellet 
Voluma. Error Bars Represent 95% Confidence 
Intervals. 
N= 200  
=-? 5 2- G :::ri 2.0 dp 
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rimsure 4.': Mean seasonal oiko~leura vanhoeffeni F e c a l  
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ri9~1.e 4.5: Seasonal Content and Packing of copepod and 
Tunicate Fecal Pellets. 
a. overview of spring 9. vanhoeffeni fecal pellet, Ce= 
centric diatom. scale bar= 3 pm. 
8. overview of spring C. finmarchicus fecal pellet. 
C= chaetoceros spine, 6- Skeletonema co.tatu. spines. 
Scale bar- 3 pm. 
c. overview of summer g. a e f f e n i  fecal pallet showing 
broken diatoms. Soale bar- 3 pm. 
o. overview of summer c. finmarchisue fecal pellet showing 
diatom fragments. Scale bar- 3 pm. 
E. Overview of winter g. vanhoefieni fecal pellet, 
D= diatom, Con coccolith. Scale b a r  3 pm. 
F. overview of fall E. finmarchicus fecal pellet. 
D= diatom, B= bacteria. Scale bar= 3 pm. 

Table 1.31 Mean Seasonal Packing Index tor O i k o ~ l e u r a  
vanhoerfeni and calanus rinmarohicus Fecal P e l l e t s .  
SEASON PBLLET IUDEX 
0. vanhoeffeni C .  f innarchicus 
%open + so 
- -  
%open + SO 
SPRING 1 2  + 5% 25 + 69 
FALL ** 5 ? 2% 
WINTER 3 . 5  + 2% ** 
** NO samples taken 
Packing Index ( P . 1 . ) -  Area m e n  X 100 
Total  area 
G 2  
Relationship Between seasonal Median ~enrity 
and Mean Seasonal Packing Index. Error Bars 
Represent standard Deviations. 
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(X open ~POEC) 
~ D b l e  4 .4:  Test for Seasonal settling velocities Using one 
Density Value. 
BBTTLINQ V B M C I T Y  
DENBITY BPRINQ S W g R  FALL WINTER 
(m day-') (m day-') (m day-') (m 
Mean value' 
C.E. 18.5 24.2 29.9 ** 
0.". 170.1 83.1 ** 86.2 
**NO sam~le9 taken 
C.f.= r.-finRarFhiEUs 
0 .v . z  0. v 
'values ti!%%%able 1, this study 
TEE D E T E ~ I N A T I O N  ANU COllPARISON OP S T I L L  WATER SINXING 
YBLOCITIES OP P e C I L  PELLKTB PROM A COPEPOD AND A TUNICATE 
The still water s e t t l i n g  v e l o c i t i e s  oE the  Fecal 
p e l l e t s  i r o n  a pe lag ic  tun ica te ,  O i X o ~ l e u ~ s  vanhoeffeni, and 
a copepod, Calanus finmarchicus, were measured in a modified 
s e t t l i n g  column. Af te r  inverse t r ans fo rmat ion  of t h e  c. 
f inmarchicus d a t a  t o  insure normali ty,  width and f r o n t a l  
cross s e c t i o n a l  area were pos i t ive ly  c o r r e l a t e d  wi th  the  
s e t t l i n g  ve loc i ty .  While no t r ans fo rmat ions  were needed fo r  
t h e  o. vanhoeffeni  da ta ,  length,  width,  volume and s u r f a c e  
area were p o s i t i v e l y  cor re la ted  with t h e  s e t t l i n g  ve loc i ty .  
Measured s e t t l i n g  v e l o o i t i e s  were 3-10 t imes lower then 
p red ic ted  v a l u e s  from l i t e r a t u r e  equa t ions ,  leading mc t o  
develop e q a t i o n s  based on my d a t a .  Both f e c a l  types  sank  
a t  low Reynold's  numbers (5 1.6) and followed Stokian 
p r i n c i p l e s .  F o r  0. vanhoeffeni t h e  s e t t l i n g  vs loc i ty  (w,) 
is equa l  t o ;  
and for C. f inaa rch icus ;  
w , - . o z s A  (p,-p) 9~' . . ( ; ) -~  
where p is t h e  v i s c o s i t y  of t h e  water,  p ,  i s  t h e  f e c a l  
p e l l e t  dens i ty ,  p is the dens l ty  of t h e  wa te r ,  g  is g r a v i t y  
(981 g  cn"), D, is the  d iane te r  of an equ iva len t  sphere.  L 
and D are t h e  l eng th  and diameter of t h e  f e c a l  p e l l e t .  These 
equations exp la ined  84% of t h e  variance f o r  9 .  ~ a n h p e i f e n i  
p e l l e t s  and 701 of t h e  t o t a l  v a r i a n w  for C. f inmarchicus 
p e l l e t s .  The 2-20 fo ld  f a s t e r  s ink ing  v e l o c i t i e s  o f  the 0 .  
venhoeffeni f e c a l  p e l l e t s  ind ica te  t h a t  t h e s e  feces  have a 
g rea te r  p o t e n t i a l  i n  ex i t ing  t h e  upper lnixed l aye r  snd. 
con t r ibu t ing  to t h e  vee t i ca l  p a r t i s l e  f l u x  than  do coLepod 
feoes.  
Aggregates, e i t h e r  f e c a l  p e l l e t s  o r  marine snow, are 
important  v e c t o r s  i n  t h e  t r anspor t  of n u t r i e n t s ,  amino 
acid., l i p i d s ,  radionuclides and p o l l u t a n t s  from t h e  
euphotic =one ( ~ n g e l ,  1984; ~ r i s h n a s w a n i ,  e t  a l . ,  1985; 
SmetaceK, 1985; Bathmann 6 l i e b e z e i t ,  1986; Matsueda, a t  
a l . ,  1986). Feca l  p e l l e t s  from zooplankton are a l s o  
considered t o  be important food sources f o r  other 
zooplankton through coprophagy and coprohexy (Paffenhofer 6 
Knowles, 1979; Lampitt ,  s t  a l . ,  1990, Noji ,  e t  a l . .  1991) 
and f o r  microbes and heterotrophic f l a g e l l a t e s  through 
degradation (Gonzdlez 6 Biddanda, 1990). T h e  role t h a t  
f e c a l  p e l l e t s  from maorozooplankton p lay  i n  nu t r i en t  cycling 
ir con t ro l l ed  i n  p a r t  by t h e i r  s e t t l i n g  v e l o c i t y  and sinking 
behavior. Aca they  a b l e  t o  sink o u t  of t h e  upper mixed 
l a y e r  or are they  recyoled the re?  Does t h e i r  s e t t l i n g  
behavior enhance t h e i r  opportunit ies t o  become entangled 
wi th  marine snow? 
Accurate d a t a m i n a t i o n  of sinking v e l o c i t y  is important 
for f lux  models and t o  understand t h e  r o l e  t h a t  aqgreqates 
nay play i n  n u t r i e n t  cycles.  Numerous s t u d i e s  have been 
done on the  s ink ing  ve loc i ty  of copepod, euphausiid,  salp,  
and d o l i o l i d  f e c a l  p a l l e t s  and of marine snow (Turner, 1977; 
Small, s t  a l . ,  1979; Bruland 6 S i l v e r ,  1981; Angel. 1981; 
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Alldredge 6 Gotschalk, 1988 6 1989; Deibel, 1990). Sinking 
velocity has been found to depend on water temperature and 
on the concentration end type of available food particles 
(sienfang, 1980; Fowler B Knauer, 1986). 
The sinking velocity of a fecal pellet is dependent on 
its shape, size and density relative tothe surrounding 
water's density and viscosity (Janke, 1966; Kamar, st al., 
1981). Equations that predict the settling velocity of 
fecal pellets under different conditions have been 
developed, bared on the settling behavior of glass rods, 
quartz particles ar sand grains (Janke, 1966; Komar. 1980). 
The accuracy of these models for predicting actual sinking 
velocities nf fecal pellets has not been tested. Koaar, et 
al. (1981) showed that the equations he developed for 
cylindrical and ellipsoid particles (Konar, 1980), produced 
values that agreed with the sinking velocity trends of 
Copepod end euphausiid fecal pellets. 
The purpose of this study was to measure and compare 
the settling velocities of fecal pellets from the copepod. 
ca1anus finmarchicus, and the tunicate, O i k o ~ l e u ~  
vanhoeffent, and examine their depedence on physical 
characteristics of the fecal pellets. The density, length 
and width of each fecal pellet was measured, whioh allowed 
me to compare observed settling velocities to those 
predicted using current equations from the literature 
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(xomar, et al.. 1981). and t o  t e s t  the accuracy of these 
equations for extremely l o w  temperatures. 
o i k o ~ l e u m  vanhoeffeni was co l l ec ted  in February,  1991 
using t h e  methods described i n  Chapter 2. P e l l e t s  were 
co l l ec ted  a f t e r  half  an hour and t h e  lengths and widths were 
nsasured t o  the  nea res t  10.0 wm, using an ocu la r  n ic rona te r  
on a ze ies  d i s sec t ing  microscope. P e l l e t s  were then  
t r a n s f e r r e d  t o  a 5 m1 v i a l  for density and s ink ing  
experiments. 
c s l a n ~  finmarohicus was co l l ec ted  i n  Apr i l .  1991 us ing  
the  methods described i n  Chapter 2 .  The animals were kept 
a l i v e  i n  the  laboratory f o r  th ree  weeks by changing t h e  
water every 6-12 h. P e l l e t s  were measured as  above and then  
p i p s t t e d  i n t o  5 m1 v i a l s  f o r  dens i ty  and sinking 
determination.  
The dens i ty  ol ind iv idua l  f e c a l  p e l l e t s  was determined 
using a continuous dens i ty  g rad ien t  technique wi th  c o l l o i d a l  
s i l i c a  and sucrose so lu t ion  (schwinghamer, e t  a l . ,  1991; 
chap te r  4 ) .  The dens i ty  for c. finmarchicus i - ca l  p e l l e t s  
was  measured p r i o r  t o  s ink ing  experiments while t h e  d e n s i t y  
for  0. v a n h o e f f e d  p e l l e t s  war measured a f t e r  s i n k i n g  
experiments. C. fin.arohicus f e c a l  p e l l e t s  were gen t ly  
r insed  with 0 . 2  um f i l t e r e d  Seawater t o  wash o;f any dens i ty  
g rad ien t  so lu t ion  p r i o r  t o  being sunk. To ensure t h a t  no 
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colloidal silica and sucrose from the density gradient 
mixture was adhering to the feces, nine fecal pellets wcrc 
sunk prior to having their density determined. No 
difference was found between these methods (Wilcoran paired 
t test, p > 0.60). Examination of the pellets on a scanninq 
electron microscope revealed no difference in appearance 
between pellets whose density was determined prior to being 
sunk and those that were never put in the density gradient 
solution. All sinking experiments were done within 2 h or 
collecting the fecal pellets. 
Fecal pellets were sunk individually in a modified 
settling column (SKTCOL), consisting of an inner square 
chamber with en inside width of 20 cm and a heiqht oC 1 m 
(Fig. 5.1). A funnel was located 20 cm from the top. The 
bottom of the ohamber consisted of another runnel that led 
down to a clamped hose through which pellets could be 
retrieved. This chamber was filled with 0.2 pa filtered 
seawater (0' C, selinity = 32 ppt. density = 1.0213 g cm') 
and set inside a 40 cm wide water jacket containing flowing 
seawater. one side of the outer chamber had a glass panel 
to allow better viewing of the feces. Black garbage hags 
ve-e hung on two sides of the column to prevent light 
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reflection. A 50 ca ruler was fixed to an outer wall of the 
inner chamber to mark timing intervals. 
Pellets were injected with a pipette just below the 
water surface at the top and fell 20 en before passing 
through the funnel. The purpose of this funnel was to try 
and eliminate turbulence caused by Ule pipette. Beginning 
15 Cm below the funnel, each pellet was timed using a stop 
watch over 5 intervals Of 5 om each. If possible, the 
pellet was retrieved through the hose at the bottom funnel 
and either raved for density determination or prepared for 
scanning electron microscopy. 
The feces from oikollleura m i w e r c  dark brown. 
a prolate spheroid shape and sank at rates 2-20 times faetcr 
then the cylindrical finmarchicus feces (Tablc 5.1 
5.2). Feces from both zooplankters sank in a diagonal 
orientation and rotated ( i _ e .  cork screwed). Reynold's 
numbers for Q. yanhoeffea fteoal pellets were generally 
above the Stokes range (Re= 0.3 - 3.6), while E. 
finmarchicus feces were within the Stokes range (Re - 0.01 - 
0.05). 
Being able to accurately predict the sinking vclocity 
of fecal pellets from easily measured physical 
characteristics is important for niodeling the role or Feces 
in nutrient flux. The settling velocity for Q. e o n j  
fecal pellets was found, using linear regression, to be 
positively correlated with volume Ir' = 66, p - .0151, 
surface area (rz - 76, p = ,005). length (r' = 86,  p = .0011 
and width (r' - 51, p - ,018). while after inverse 
transformation to insure normaiity the settling velocity for 
G. finmarchicus pellets was positively correlated with the 
feces frontal cross-sectional area (r' = 27, p = .0191 and 
the width (r2 = 32, p = ,009). The feces of both animals 
were filled with diatoms, eliminating the variability in 
sinking velocity due to food type (Bienfang, 1980). These 
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differences in settling velocity correlations could be due 
to the differences in the ahape and size of the fecal 
pellets (Table 5.1 L 5.2). 
previous studies have generated modified stokes 
equations to predict tha sinking velooity of fecal pellets 
and of marine snow (Komar, et al.. 1981; Carder L Steward, 
1986; Alldredge 6 Cotechalk. 1988). 1 proceeded to test my 
measured sinking velocities against predicted valuer 
generated in several ways. First, pt'edicted volucs were 
obtained using the stoker equation for a sphere 
where p and p are the water viscosity (18.8 x 10.' g em) and 
density (1.0213 g cm"). 0% is the fece's density (1 cn") ,  g 
is the acceleration of gravity (981 cm s"'), and 0, is the 
equivalant spherical diameter (cm), i.e, the diameter of a 
sphere having equal volume and density to that of the fecal 
pellet. Second and third predicted values were generated by 
using Kolnarss (1980) equations for a cylindrical and nn 
ellipsoid particle. For a cylinder 
Cg, - 0.0790 I ( p s - p )  g L' ($)-"- (El. 2 )  
7 1  
where L is length of the cylinder (em) and D is its diameter 
(cm). For an ellipsoid 
where E is equal to the shape factor defined by Janke (1966) 
where D,, D, and D, are the shortest, the intermediate and 
the longest axial diameters (cm). 
The values obtained using these equations are reported 
in Tables 5.2 and 5.3. Measured sinking velocities wore 
regreseed against predicted values and the resulting model 
examined for 1.) a significant P value and normally 
distributed residuals 2.) an intercept not signifirlntly 
different than zero and 3.) a slope not significantly 
different from one. The slopes were significantly different 
from one in all regrassions and predicted values 
overestimated the measured settling velocity by 2-100 timas 
(Table 5.2 C 5.3). This lead me to try and modifiy Stokes 
equation to better predict the sinking velocity for both 
Copepod and tunicate fecal pellets at -1 to 0' C. 
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5.1.1 DBVELOPHBNT OF BETTUNS VELOCITY EOUATION8 
  he data sets for 0. v a n h o e f W  and C. &.archicus 
were randomly split in half into a predictor and tester set. 
Four subsets were trisd for both the predictor and tester 
sets, with all subsets giving the same equations and having 
a total variance + 5 m day.'. TO determine if I could use 
stokian prinoiples for both types of feces I calculated the 
drag coefficient using xomar c Taghon's (1985) equation 
where W, is the measured settling velocity (En .-'I. The log 
or c,was regressed against the log of the Reynold's number, 
where Re = W,4/r, for each type of fecal pellet (Pig. 5.2 
& 5.3). This yielded the following equation for Q. 
vanhoeffeni 
and for c. finnarchicua 
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The linear relationship between the inverse Reynold'r 
nunbar and the drag coefricient is indicative of Stokian 
behavior (Tritton. 19771. The Reynold's numbers far P. 
vanhoeffeni were slightly above the accepted Stokes range 
but based on the Cato Re relationship. I treated both types 
of pellets in the sane way. The observed settling 
velo~ities were compared to those of equivalent spheres, 
resulking in a modified StoKes equation. After transforming 
equation 1 to its lag-log form to learn tho valuc of the 
constant and the power on D,, I regressed 
for 0. vanhoefieni, this resulted in 
W. - .004 ( 0 , -  PI g D: 
and for C. finaarchicun 
I next took the same approach as Kcrmar (1980) in trying 
to get a modified Stoke's equation that included a shape 
factor (Eq. 2). That is, I wanted an equation in the form 
Of 
where k will be a constant, A is e fecal pellet size scale 
(i.-. length or width) and f(6) is a Function of fecal 
pellet shape (LID). Length, width and nominal diameter were 
sequentially tried for A, with length and nominal diameter 
giving similar goodness-of-fit for both feces types. I 
regressed the log-log form of equation 10 
This yielded the following equations for Q. vanhoeffeni 
and for c. ZinmarchLsgs 
Equations 8, 11 and 12 for P. vanhoeffeni and equations 9, 
13 and 14 for c. finmarchicus were then tested against the 
taster set of data. The six equations had no intercepts 
eignificantly different from zero and had no slopes 
significantly different from one. Equations 11 and 14 
explained mare of the variance (9 = 84 L 70% respectively) 
than the other four equations, indicating that shape has e 
measurable influence on sinking velocity. 
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Oeibel's (1990) study and those in my study w w e r  produced by 
gelatinous, filter-feeding rwplankton. =he volume of rho 
fecee war similar, yet Deibel found W, = "01." and W~ r 
Diam." while 1 found W, r "01.' and W, = ~iarn'.~. 
  he density 
of these two types of Feces loay have been different. ny 
study hall values of 1.17-1.23 g Cm', lhils Deibel presumed 
his ware 6 1.10 g cm '. The appearance of tha fccrs may 
also help explain some of these differences; the doliolid 
feces resemble marine snow (Deibel, 1990) while the 
oikopleurid feces in my study are compact cylinders. 
That the settling velocity of 0.  vanhhefffni fecal 
pellets is correlated with surface area while the settling 
velocity of C. finmarshiEus feces is correla.ed with frontal 
cross-sectional area is probably attributable to dirferencer 
in the Fecal pellet shapes. 0. vanhoeffeni produces ovoid 
pellets, with LID ratios of 1.9 - 5.8, while E. 
ainnarchicur produces feces that are cylidrical. LID = 6 . 5  - 
12.8, (Table 5.1 1 5.2). Surface properties of tha two 
types of feces m y  vary, which could affect settling 
behavior (Chase, 1979). Both feces are covered by a 
Witrophic membrane, though 0. vanhosffcni'r appears 
thinner and may be a mucous sheet rather than a chitinous 
membrane. The sides of the fecal pallets are not 
streamlined due to protruding phytoplankton remains anu 
attached bacteria and flagellates (~onealez 6 ~iddanda, 
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5 .5  DISCUSSION 
5 . 5 . 1  SETTLING VELOCITY aND BEHAVIOR OP COPBPOD AND TUUICATE 
EgW 
The settling velocities I measured for C. 
are generally lower than those reported in the literature 
for calanoid feces, yet most studies are done at 15 - 20' C, 
while my study was done at -1' C (Honjo L Roman, 1978; 
small, et al., 1979; Bienfang, 1980). The rates I obtained 
are similar to those measured in the spring in the middle 
Atlantic Bight by Lane, et al. (submitted). These low 
sinking velocities suggest that the spring feces are 
recycled in the upper water column. This agrees with 
p~evious studies that found small fecal pellets are recycled 
in the upper water column (Hofmann, et al., 1981; Small, et 
al.. 1987), and with sediment trap work done in conception 
Bay, Newfoundland, in April, in which few eopepod feces are 
found (McKenzie, et al. unpubl. data).  he high sinking 
velocities of Q. vanhoeffeni fecal pellets indicate that 
these feoal pellets have a greater potential in exiting the 
upper mixed layer and in oontributing to the nutrient flux 
than do copepod feces. 
The higher Reynold's numbers found for the 9. 
vanhoeffeni fecal pellets agree with those found by Deibel 
(19901 for doliolid pellets. Both the fecal pellets in 
81 
1990; McKenlie unpubl. obs.), which may hove great effect on 
+heir orientation and settling behavior.   he fecal pellets 
were diagonally oriented and rotated as they sank. Turner 
(1977) found this same rotating behavior for E.Q&sAB meadii 
fesal pellets. 
The orientation and rotating behavior of the fecal 
pellets may affect their ability to for. aggregates. 
Alldredge and McGillivary (1991) found that attachment 
probability of marine snow particlr:~ increases with 
increasing volume, surface area of contaat and oollision 
velocity. The diagonal orientation and rotation of the 
feoes should increase the apparent surface area of oontact. 
i.e. the encounter radius. Aggregates or marine snow play 
an important role in the transporting of particulate matter 
from the surface to deep water (Silver L Alldredge, 1981; 
Smetaoek, 1985; Alldredge f i  Gotachalk, 1988 L 1989; Passow. 
1991). The ability of smell fecal pellets to form 
aggregates would enhance the probability of their being 
transported from the upper mixed layer. 
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5.5.2 #BISllRBD VS. PREDICTED SETTLING VgLOOIT18S 
Cuyrent equations in the literature for pradioting 
settling velocity of fecal pellets provide accurate trends 
for my data but overestimate the actual sinking velocities 
(Tables 5.3 6 5.4).   his inaccuracy has imprtant 
implications for flux estimates and for determining the role 
of fecal pellets in pelagic and benthic nutrient cycles. 
The modified Stokes equations I derived differ from 
those of Kolnar (1980) only in their constants and the power 
to which the ehape factor is raised. The equations for 
both copepod and tunioata feces have the settling velocity 
proportional to the square of the nominal diameter, as is 
found in Stokes relationships. My results agree with other 
studies which found shape important to the settling velocity 
and that drag increaser with decreasing Reynold's number 
(Janke, 1966; Komar 6 Reimers, 1978; Komar, 1980; Komar, et 
al.. 1981; Konar 6 Taghon, 1985). 
The higher settling velocity for the tunicate feces 
agrees with previoua studies that report the importance of 
feces from gelatinous filter feeders to the nutrient and 
particle flux (Bruland 6 Silver, 1981; Matsuede, et al., 
1986; Bathmann, 1988). Using my equations to get predicted 
seasonal settling velocities for 0. v a n h o e a d  and c. 
finmarchicus fecal pellets indicate that both spring and 
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e a r l y  sumner oopepod f e c a l  p e l l e t s  (5  -40 n day.') are 
l i k e l y  t o  be recycled in  t h e  upper mixed layer whi l e  
tun ica te  feces (80 - 700 m day") and f a l l  copepod feces (25 
- 95 m day.') have a greater potent ia l  For leaving t h e  upper 
mixed layer and contributing to  nutr ient  flux. 
x i g u ~ e  5.1:  SETCOL Used i n  Fecal  P e l l e t  S ink ing  Experiments 
H- Height of column, 100 m 
I- water in f l ow  i n  outer water j a c k e t  
0- water ou t f l ow  i n  ou ter  water j acke t  
P= Pres sure  cap i n  o u t e r  water jacke t  
n3= 50 cm r u l e r  
R2= Hose t o  r e t r i e v e  f e c a l  p e l l e t s  
W i  Width of inner  ~ o l u m n ,  20  cn 
W2- Width of outer water jacke t ,  4 0  cn 
Table 5.1: Physical Measurements of Oiko~leura vanhoeffeni 
Fecal Pellets used in the SETCOL. 
PELLET LEIIQTH WIDTH D, L I D  DEULIIPY VELOCI?Y 
NUMBER E .  C. E l  Ern g c.-= C. 5- 
** The first 8 are the reported tester set. 
Table 5.2: Physical Measurements of finmarchiFus 
Fecal Pellets used in the SETWL. 
PSLLET LEUQTK XILWR Dm LID D61181TY VELOCITY 
Nunsen cm cm om rm g rm-' om s-' 
**The first 9 are the reported tester set. 
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Table 5.3: Measured and Predicted Sinking v e l o c i t i e s  f a r  
Q i k o ~ l e u r a  vanhaeffeni  Fatal p e l l e t s .  
W, is t h e  measured s e t t l i n g  v e l o c i t y  
W, i n  
for a 
t h e  p red ic ted  s e t t l i n g  
sphere  (Eq. I ) .  
u s ing  Stokes equa t ion  
W is t h e  p red ic ted  s e t t l i n g  ve loc i ty  us ing  Komar (1980) 
e b a t i o n  for a oy l inder  (Eq. 2 ) .  
W is t h e  predicted s e t t l i n g  v e l o c i t y  us ing  Komar (1980) 
ehuation for  an e l l i p s o i d  ( ~ q .  3 ) .  
W is t h e  p red ic ted  s e t t l i n g  ve loc i ty  us ing  my equation (Eq. 
17) .  
**This t a b l e  inc ludes  only t h o  p r e d i c t o r  da ta  s e t  
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~ a b l a  5.4: Measured and Predicted Sinking Velocities for 
calanus finmarchicus Fecal Pellets. 
W, is the measured settling velocity 
Wa is the predicted settling velocity using stokes equation 
for a sphere ( ~ g .  1). 
W is the predicted eettling velocity u = i w  Xomr (1980) 
e&Iation for a cylinder (Eq. 2). 
W is the predicted settling velocity using Konar (1980) 
ebation for an ellipsoid (Eq. 3). 
W is the predicted settling velocity using my equation (Eq. 
1%). 
**This table includes only the predictor data set 
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r i m e  5.21 Regression of the 1.09 of the  rag Coefficient 










-1.00 -0.50 0.00 0.50 1.00 
Log Reynold's Number (Re) 
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piwe 5.3:  egression of the ~ o g  of the Drag coefficient 





-2.00 -1.75 -1.50 -1.25 -1.00 
Log Reynold's Number (Re) 
SEASOUAL DeGRADaTIOU Or PIUNARCIIICUS PBCAL 
PBLLETSx IIIPLICaTIONB FOR VERTICAL PPIRTICLB FLUX 
The decay rate of Calanus finmarchicus fecal pellets 
was measured in the laboratory and field in April, July and 
October. Wnter temperature ranged from -lo to 10' C. 
Differences in decay rate for the fecal pellets were found 
between the laboratory and field. In the field, fecal 
pellets in all three months were completely degraded (i.e. 
fragmented) or the POC and Si content was reduced by at 
least 501, within a weeks. Dissolved free amino acids were 
released into the surrounding water as the feces were 
fragmenting. Spring feces have the greatest potential for 
transporting particulate silicate, while October faces have 
the greatest potential far transporting particulate organic 
carbon from the upper nixed layer. This means that 
seasonally, the minobial loop can contribute to the 
vertical carbon flux, as fall ieces were filled with 
bacteria and ciliates. 
In recent years, the role of fecal pellets an 
transporters of nutrients from the euphotio zone has been 
debated (Hofmann, et al., 1981; Krauee, 1981; Corner, et 
al., 1986 and ref. within; Bathmann, et al., 1987; martens L 
Krause. 1990). Are medium sized fecal pellets (1 nun > x > 
loo lm in length) recycled in the upper water column or are 
they able to sink to the benthos? sediment trap work from 
the Antarctic, Atlantic and Pacific ooeans shows a decrsasa 
in fecal pellet numbers with depth suggesting that they are 
recycled in the upper water column (Bishop, et al., 1978; 
Knauer. et al. 1979; Urrere 6 Knsuer, 1981; von Bodungen, et 
al., 19871. McCave (1975) reported that only large, rapidly 
sinking particles contribute to the vertical particle flux. 
More recent work suggests that marine snow aggregates are 
responsible foe transporting particles to the benthos 
(Smetacek. 1985; Alldredge 6 Gotechalk, 1989). However, 
since fecal pellets are irequantly found in marine snow they 
may still play an important role in transporting nutrients 
from the surface. 
The rate at which Pellets are degradad by bacteria, 
Protibts and zooplankton, and the rate at which nutrients 
leach out of them, controls how long they are a nutrient 
source. Gonralen and Biddanda (1990) found that bacteria 
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and protiste together had the greatest impact an decay rate. 
Other studies have shown that copepods can eat the 
peritrophic membrane or the fecal pellets themselves, or 
cause fragmentation of the feces (Paffenh6fer 6 Knowles. 
1979; HoEmann, ek al., 1981; Skjoldal 6 Wassmann. 1986; 
~ampitt, et al., 1990; Noji, et al., 1991). Temperature has 
been found to have a positive effect on decay rate (Honjo I 
Roman, 1978; Turner, 1979; Roy L Poulet, 1990). Jumars, et 
al. (1989) suggested that 909 of the DOC (dissolved organic 
carbon) in small fecal pellets (diameter < 100 en) leaohed 
out within 2 seconds of excretion. Gonzlles and Biddanda 
(1990) found that after 16 days the C/N value present was 
similar to that present initially, implying that the C/N 
value is not a good indicator of particle age or nutritional 
potential. Other possible indicators of nutritional value 
are lipid or amino acid content. 
The composition of amino acids within fecal pellets is 
more complex than that found in the animalso diet (Poulet, 
et al., 1986). Both amino acids and lipids in fecal pellets 
decrease with depth, suggesting that these compounds are 
quickly utilized by microbes (wakeman, et sl., 1984; 
natsuada, et al., 1986). Roy and Poulet (1990) found that a 
majority of the amino acids within fecal pelleta steadily 
decreases during decay. Both bacteria and heterotrophic 
flagellates take up dissolved free amino acids (DPAA) 
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(Anderrson, e t  a l . ,  1985; Plynn 6 Fie lde r ,  1989; Kirchmann, 
e t  al., 1989 & 1990). 
calanus f inmarchicus,  a r a p t o r i a l  suspension feeder ,  i a  
a major macroaooplankter in coas ta l  Newfoundland waters.  
The purpose of my study was t o  determine t h e  rate of decay 
of G.  f inaa roh icus  feca l  p e l l e t s  in the l a b o r a t o r y  and i n  
t h e  f i e l d  i n  April ,  July and October. The decay r a t e  was 
laeaaured by determining p e l l e t  membrane s t a t e ,  b a c t e r i a l  
numbers in t h e  f e c e s  and i n  t h e  water, p a r t i c u l a t e  o rgan ic  
carbon and p a r t i c u l a t e  b iogen ic  s i l i c a t e  con ten t  o f  the 
feoea,  and d i s ~ o l v e d  free amino acid composition of t h e  
water.  
6.3 WTERTIL8 AND METHODS 
6.3.1 
calanus was co l l ec ted  i n  ~ p r i l ,  ~ u l y ,  
September-October 1990 and Apr i l  1991 us ing  t h e  methods 
desc r ibed  i n  Chapter 2. The animals were kep t  o l i v e  i n  t h e  
l abora to ry  f o r  1.5 weeks by changing t h e  water eve ry  6-11 h. 
1 h a f t e r  each water change, f o c a l  p e l l e t s  were ga the red  
us ing  t h e  method i n  Chapter 2. 
6.3.2 TBST OF TUB DECAY TUBES 
The f e c a l  p e l l e t s  were decayed i n  210 ml PVC tubes .  
The t u b s =  ware 10 x 5 cm anr: had e i t h e r  20 pm n i t e x  mesh a t  
each end ( these  w i l l  be r e f e r r e d  t o  as open) or a pvc cap 
( t h e s e  w i l l  be r e f e r r e d  t o  as c losed) .  
  he purpose of t h e  
Open tubes  was t o  al low water flow and t h e  exchange of 
b a c t e r i a  and nanof lage l l a t es .  Performance of t h e  open tubes  
was t e s t e d  by suspending then  i n  a water f low of 2, 5, and 
lo un s.', i n j e c t i n g  a d rop  of f luorescen t  rhodamine dye i n  
f r o n t ,  and then t iming how long it took f o r  t h e  d r o p  t o  pass 
through t h e  tube. Another performance check was done by 
hanging a tube  f i l l e d  wi th  a so lu t ion  of rhodemine dye i n  a 
wa te r  t a b l e  a t  f low speeds of 2, 5 and 10 cm s", and t ak ing  
a sample every f i v e  lninutes f o r  an hour. I n  a l l  c u r r e n t  
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speeds flow occurred through the open tubes. To ensure that 
pellets were not baing broken mechaniaally, 10 pallets were 
put in eaoh of 35 tuber. Seven tubes were then hung in eaoh 
of the 3 current speeds (5, lo, 20 cm e-'), and 7 tubes were 
placed in 0.2 (~m filtered still seawater and 7 tubes were 
placed in unfiltered still seawater. A tube war retrieved 
from each treatment every two days and the pellet membranes 
examined. The pallets in flawing water did not fragmant 
sooner than the pellets in still water, ilnplyinq no 
aachanical break-up of the fecal pellets at current speeds 
up to 20 cm s-'. This is in excess of the maximum 10 cm s" 
currents that occur in the field (DeYounq & Sanderson pars. 
camm.). 
6.3.3 DECIY EXPERIMENT 88TOP 
Four experimental setups were deployed in the field 
with a corresponding £our setups in the laboratory. Seven 
open tubes were filled with 20 pm filterad seawater and 20 
fecal pellets, and suspended in still water ut ambient 
seawater temperature in a 12 h light dark cycle in the 
laboratory foe two weeks in April, July and October. A 
complilaentary set of seven open tubes war deployed at a 
depth of 20 m in Logy Bay, Newfoundland (47' 37.85'N. 
52' 39.52'W). Deployment of the tubes in the field was done 
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by SCUBA divers. Tha tubes were attached to a 10-pronged, 
0.5 m diameter wheel array with large rubber bands made from 
innertube. The wheel war attached to a taught-wire mooring 
anchored in 50 m of water. Tubes were retrieved from the 
field by SCUBA divers and from the laboratory every second 
day and the pellet rnenhranes observsd and photographed. A 
corresponding seven closed tubes were filled with 20 pm 
filtered seawater and 20 fecal pellets and incubated in 
parallel in the laboratory and field. 
S i n ~ l t a n e ~ ~ ~ l y ,  another set of Seven open and eeven 
closed tubes were filled with 2 0  pm filtered seawater and GO 
to 100 fecal pellets, and incubated in the laboratory and 
field as above. There feoes were monitored for changes in 
bacteria numbers, and particulate organic oarbon (POC) and 
particulate silicate (Si). A tuba from each open and closed 
set in the laboratory and field was retrieved every two days 
for two weeks and the fecal pellets analyzed, with 
triplicate samples taken every fourth day. Triplioate water 
samples from outside and inside the deoay tubes were 
analyzed for bacteria numbers and dissolved free amino acid 
( D F m )  compositim. 
Pel le t  s t a t e  refers  t o  the appearance of the  
peritrophio mambrane and t h e  in tegr i ty  of the  p e l l e t .  
pe l le ts  were classified as having an in tac t  membrane, a 50% 
degraded membrane, or e 100% degraded membrane, or they were 
fragmenting in to  enaller pieces. Upon re t r ieval  of the  
tubes, t h e  fecal pel le ts  were fixed i n  a 5 m l  v i a l  with 28 
glutaraldehyde. Later, 10-20 p e l l e t s  weee put on a s l i d e  
and viewed under a Zeirs Axioplan Microscope. The p e l l e t s  
were photographed under both transmitted l i g h t  and phase 
contrast.  The proportion of i n t a c t  membrane was estimated 
(100, 50 o r  0%). Also catalogued war when fragmentation of 
t h e  feces  occurred. 
Tr ip l ica te  I m 1  water samples ware etainad with DAPI 
f o r  bacteria aounts, and f i l t e r e d  onto 0.2 pm Nuolepore 
f i l t e r s  and rinsed with 2 n l  of 0.2 lrra f i l t e r e d  seawater 
(Porter r Peig, 1980). Bacteria weee ~ounted  using a Ziess 
Inverted Microscope vith apifluorercant illumination and the  
mean f o r  t r i p l i c a t e  samples was taken with less  than 5% 
Variation found between t h e  maximum and minimum counts. 
Using t h e  graphic estimation method of Cassell (1965) 
allowed for  a 95% confidence l i m i t  on each individual count. 
Every second day three  feces were saved for bacter ia  
counts along with a blank. The samples were corrected f o r  
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t h e  blank and averaged. Feoal p e l l e t s  fo r  bac te r i a  coun t s  
were p i p e t t e d  i n t o  2.5 ml cen t r i fuge  tubes and fixed wi th  
0.5 ml of 5% buffered formaldehyde. Before ana lys i s ,  1.5 nl 
of t e t r asod ium pyrophosphate was added t o  each tube and the  
s o l u t i o n  sonicated f o r  8 s a t  a power s e t t i n g  of 2 (Heat 
Systems-Ultrasonics, Inc.; V e l j i  6 Albright ,  1986). The 
s o l u t i o n  was s ta ined  with DAPI and f i l t e r e d  on to  e 0.2 lrln 
Nuclepore f i l t e r  and counted as above. 
For p a r t i c u l a t e  s i l i c a t e  ( s i )  ana lys i s .  20-30 f e c a l  
p e l l e t s  were measured ( l eng th  h width) uaing an ocu la r  
micrometer i n  a Zeiss d i s s a o t i n g  microscope, and p i p e t t e d  
with a p l a s t i c  p i p e t t e  onto 0.2 pa Nuclepore f i l t e r  and 
r i n s e d  wi th  0.2 pm f i l t e e e d  seawater.  Each f i l t e r  was then 
f rozen  i n  4 . 5  ml polypropylene tube u n t i l  f u r t h e r  a n a l y s i s .  
Blanks were prepared by r i n s i n g  f i l t e r s  with 0.2 pm f i l t e r e d  
seawater.  
The s i  samples were thawed and hydrolysed with 4 ml of 
0.5% NalCO,, then capped and heated Eor 3 h i n  a water ba th  
a t  85' c .  After being r e f r i g e r a t e d  overnight,  4 ml of 
N a i C 4  was used t o  r i n s e  the  t u b e  and combined wi th  t h e  
i n i t i a l  amount i n  a p l a s t i c  beaker. The r e s u l t i n g  s o l u t i o n  
was brought t o  a pH of 3 .4  wi th  0.5 N Hcl. The volume was 
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made up t o  10 ml with d i s t i l l e d  water,  and 4 .5  ml were saved  
i n  a p l a s t i c  tube .  Analysis  was continued as fo r  d i seo lved  
s i l i c a t e  (Strickland L Parsons, 1972).  
P a r t i c u l a t e  organic carbon ( W C )  was measured using a 
Hewlett Packard CHN Analyzer f o r  the July and October 
samples, and a Perkin Blmer 2400 CHN Elemental Analyzer fo r  
t h e  Apr i l  samples. 40-70 f e c a l  p e l l e t s  were measured 
(length h width1 using a z e i s s  d i n s e s t i n g  microscope, 
p i p e t t e a  onto a 13 om whatman GFFlC f i l t e r ,  r i n s e d  with 0.2 
pm f i l t e r e d  seawater and frozen u n t i l  a n a l y s i s  on t h e  CWN 
analyzer.  Blanks were prepared wi th  each sample. 
water f o r  D F M  ana lys i s  was f rozen  immediately upon 
r e t r i e v a l .  DFAA's were measured us ing  a Varian aerograph 
HPLC model 502000 and the  OPA method of Lindroth and Mopper 
(1979). 
The r a t e  o f  decay appeaced s i m i l a r  i n  a l l  seasons i n  
t h e  f i e l d  open experiment, al tnough d i f fe rences  i n  t h e  r a t e  
of decay were observed i n  t h e  l abora to ry  open experiments.  
Rate of decay i s  r e f e r r i n g  t o  t h e  t i n e  required f o r  the  
f e c a l  p e l l e t ' s  membrane t o  degrade and t h e  p e l l e t  t o  
fragment,  o r  t o  the  t ime required f o r  t h a  decrease o f  2 50% 
of t h e  POC and si i n  the  feces .  Bac te r i a  numbers i n  the  
f e c e s  and surrounding tube water were lower i n  t h e  f i a l d  
t h a n  i n  t h e  l abora to ry .  Percent composition of a s p a r t i c  
a c i d  (ASP), g lu tan ic  ac id  (GLU) and  threonine (THR) var ied  
between t h e  f i e l d  and laboratory experiments. Decay r a t e ,  
b a c t e r i a  counts and DPAA cornps i t ion  were s i m i l a r  i n  a l l  
seasons f o r  t h e  closed experiments i n  t h e  f i e l d  and 
l abora to ry .  Pack i c e  came i n t o  l o g y  Bay i n  Apr i l  and 
prevented d iv ing  during t h e  two week decay study,  t h e r e f o r e  
o n l y  i n i t i a l  and f i n a l  va lues  are reported.  
P e l l e t  s t a t e  r e f e r s  t o  the  degree t o  which t h e  
p e r i t r o p h i c  membrane i s  degraded, and t o  when t h e  p e l l e t  
fragments.  In  t h e  f i e l d  open experiments,  over h a l f  of t h e  
feces had membranes t h a t  were 250% degraded by day 2 in 
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~ u l y  (6' C)  and day 4 i n  October (10' C) (Fig. 6.lA & 0 ) .  
While i n  t h e  l abora to ry  open experiments,  t h i s  occurred by 
day 6 i n  J u l y  and day 10 i n  October (F ig .  6.211 & 0) and i n  
t h e  c losed  experiments t h i s  ocourred by day 2 i n  Ju ly  and 
day 8 i n  October (Fig. 6.3A 61 8 ) .  It was "eyer observed i n  
t h e  l abora to ry  open or closed experiments i n  Apr i l  (-1' C) 
(Fig. 6.4A 6 B) . 
Praqmenting oP some of t h e  f e c e s  occur red  on day 4 i n  
both J u l y  and October i n  both the  f i e l d  open and l abora to ry  
open exper inen t s  (Pig. 6.1).  I n  t h e  f i e l d  open experiment i n  
April ,  90% of t h e  feces were fragmented by day 16, whi le  no 
Iragmentetian was observed during t h e  l abora to ry  open 
experilnent bu t  some occurred by day  4 i n  t h e  l abora to ry  
c losed  experiment (Fig.  6.4). 
Decay of f e c a l  p e l l e t s  was a l s o  observed by measuring 
t h e  change i n  t h e  p a r t i c u l a t e  s i l i c a t e  (Si)  and p a r t i c u l a t e  
o rgan ic  carbon (POC) concen t ra t ions  (pg pn") i n  t h e  fesea .  
In t h e  z i e l d  open experiments, S i  concen t ra t ions  decreased 
by 1 50% by day 14 i n  Ju ly  and day 16 i n  October, whi le  Poc 
concen t ra t ions  decreased by 1 50% by day  6 i n  October (Fig. 
6.5A & 0 ) .  I n  Apr i l ,  both o i  and POc had  decreased by 2 50% 
by day 16 (Table 6 .1 ) .  I n  a l l  set ups i n  J u l y ,  POC was 
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unde tec tab le  by  my netbods a f t e r  day 0. I n  t h e  l a b r a t o r y  
Open experiments,  S i  bad decreased by 2 50% by day 12 i n  
A p r i l ,  day 6 i n  October and no change i n  concentrat ion was 
reen in J u l y  (F ig .  6.6A & 8,  Table 6 .1 ) .  While i n  t h e  
olosed experiments.  S i  decreased by day 2 i n  Apr i l ,  day 1 4  
i n  J u l y  and  day 8 i n  October (Fig.  6.7A 1 8, Table 6.1). 
W C  decreased by  2 50% i n  t h e  l abora toey  open experiments by 
day 4 and by day  16 i n  t h e  closed evpariments i n  October 
(F igs .  6.6 L 6.7).  POC ooncentrat ions dropped on day 8 i n  
t h e  l abora to ry  open and on day 6 i n  t h e  closed experiment in 
Apr i l ,  t h e y  then  increased u n t i l  f i n a l  concen t ra t ions  
equalled i n i t i a l  concentrat ions (Figs.  6 .6  6 6.7). 
6.4.3  BACTERIA MEASVREMBAPB 
a a c t e r i a  i n  t h e  feces doubled on day 4 i n  J u l y  and day 
2 i n  October, and then  declined i n  t h e  f i e l d  open 
experiments (F ig .  6.8A) while b a c t e r i a  nunbers i n  t h s  water 
w i t h i n  t h e  tubes  peaked on day 4 i n  both July and October 
and had a l i g h t  inc reases  on days 12 end 14 (Fig.  6.88). 
Ba0tei-i. numbers within t h e  tubes  were compared t o  bac te r i a  
numbers i n  the bay. For both July and October, l e v e l s  
o u t s i d e  t h e  t u b e s  were constant  over t h e  2 week study and 
t h e  numbers s imi la r  t o  those wi th in  t h e  tubes,  excluding day 
4 when b a c t e r i a  nunbers doubled within t h e  tubes .  
104 
1n the laboratory open experiments, bacteria numbers 
peaked on days 4 and 12 in April and doubled on day 2 in 
~ u l y  and day 4 in October (Fig. 6.9A). Bacteria in the tube 
water peaked on days 4 and 10 in April, day 4 in July and 
days 4 and 1 4  in October (Fig. 6.98). In the surrounding 
water bacteria seemed to cycle on a 2 to 4 day pattern in 
all seasons and excluding April, the numbers were similar to 
those in the tube water. In April, bacteria numbers were 
1.5-2 tines lower in the surrounding water than in the tube 
water. Bacteria numbers were 1.5 - 3 timer higher in the 
feces, tube water and surrounding wster in the laboratory 
 experiment^ than those found in the corresponding field 
experiments (Figs. 6.8 L 6.9). In all seasons in the closed 
experiments, bacteria numbers in the feces doubled on days 8 
to 12 (Fig. s.loA). Bacteria in the tube water peaked on 
days 4 and 12 in July and October but never increased in 
April (Fig. 6.108). 
6.1.1 BI880WED WINO ICID MBASURBIIBIPTS 
I n  the field and laboratory open experiments total 
percent composition of individual DFA.4 in the water both 
within the tubes and outside was similar (Table 6.21, though 
total concentrations over the two week study were 80% (July) 
and 3 0 1  (October) higher within the tubes than in the 
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surrounding wa te r  i n  t h e  f i e l d ,  and 13% ( A p r i l ) ,  0% (July)  
and 40% (October) higher within t h e  tubes  i n  t h e  laboratory 
open experiments. The elevated l e v e l s  w i t h i n  t h e  tubes  were 
due t o  t h e  peaKs i n  DFAA on days 2 and 6 i n  Ju ly  and days 2 
and 16 i n  October i n  t h e  f i e l d  (Fig.  6.11A), and day 4 i n  
~ p r i l ,  days  6, 10-14 i n  October i n  t h e  l a b o r a t o r y  (Pig.  
6.118). Conparing f i e l d  and corresponding l abora to ry  open 
experiments,  t o t s 1  DFAA concentrat ions w i t h i n  t h e  tube water 
were 50% higher i n  t h e  f i e l d  i n  Ju ly ,  w h i l e  i n  October they 
were 70: higher i n  t h e  laboratory.  The p e r c e n t   onp position 
of ASP. CLU and THR va r i ed  between t h e  f i e l d  open 
experiments and both t h e  laboratory open experiments and t h e  
c losed  experiments.  (Table 6.21. 
The r a t e  o f  decay of f eca l  p e l l e t e  i n  t h e  open 
experiments i s  d i f f e r e n t  between t h e  l abora to ry  and f i e ld .  
complete degradation,  or a t  l e a s t  the  l o s s  of 2 SO% of  t h e  
nu t r i an t  content  of t h e  fesea, ocourred w i t h i n  two weeks i n  
the f i e l d  i n  Apr i l ,  Ju ly  end October (Tab l s  6 .1 ) ,  while 
water telnperature ranged from -lo C t o  1 0 -  C. I n  t h e  
laboratory the  r a t e  of decay appeared r e l a t e d  t o  the  
temperature of t h e  water,  as no decay was seen i n  Apr i l  
(-1' C) end 2 50% of t h e  p e l l e t s  were degraded i n  October 
(10' C). Sediment t r a p  studies have f m n d  copepod feces  and 
other small  Fecal  p e l l e t s  i n  deep water (Honjo & Roman, 
1978; Urrere L Knauer, 1981; von Bodungen, e t  a l . ,  1987), 
yet r ecan t  mrk h a s  shown t h a t  small  and medium s ized  f e c a l  
p e l l e t s  ere recycled i n  the  upper water column (Krauee. 
1981; Hofnenn, et al . ,  1981). Aggregates and marine snow 
are inpoxtant  v e c t o r s  i n  the  p a r t i c l e  and nu t r i en t  f l u x  from 
the euphotic zone (Angel, 1984; Smetacek, 1985; Conover. et 
al . ,  1986). The inclusion oi cslanoid feces i n  marine snow 
could explain how they can be transported t o  depth. 
The seasonal poten t i a l  contribution of Calanlls 
finmarohicus f e c a l  p e l l e t s  t o  the p a r t i c u l a t e  f l u x  appears 
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t o  b e  con t ro l l ed  not by how f a s t  t h e  f e c e s  decay,  but by 
t h e i r  a b i l i t y  t o  s ink  out of the  upper mixed l a y e r ,  e i t h e r  
ind iv idua l ly  or i n  marine snow. The p o t e n t l a l  seasonal  
~ ( m t r i b l l t i o n  t o  t h e  n u t r i e n t  f lux  w i l l  depend on  t h e  i n i t i a l  
nu t r i en t  con ten t  of t h e  feces.  S i l i c a t e  concen t ra t ions  in 
the  feoes were still h igher  a f t e r  two wseks i n  April  then 
they were i n i t i a l l y  i n  the  f a l l ,  while t h e  appos i t e  wan 
found with POC, (Table 6.1).  Using ny e q u a t i o n  for  copepod 
f e c a l  p e l l e t  s ink ing  ve loc i ty  (Chapter 9 )  and t h e  dens i ty  
da ta  from chap te r  4 ,  p red ic ted  f e c a l  p e l l e t  s ink ing  
v e l o c i t i e s  of 5 - 35 m day" for Apr i l  and 25 - 95 n day.' 
f o r  October were ca lcu la ted .  This sugges t s  t h a t  sp r ing  
copepod feces e r e  not l i k e l y  t o  t r anspor t  s i l i c a t e  o u t  of 
t h e  upper mixed l a y e r  but  t h a t  the  mic rob ia l  loop  could be 
important seasona l ly  i n  t r anspor t ing  carbon from t h e  upper 
mixed l ayer  as t h e  f a l l  feces were f i l l e d  with b a c t e r i a  and 
c i l i a t e s  (Chapter 3 ) .  This is subs tan t i a t ed  by  t h e  f ind ing  
of Eopepcd feoes i n  sediment t r a p  sanp l s s  i n  Conception Bay, 
Nsvfoundland i n  August - October (Mcxeneie, e t  a l . ,  unpubl. 
obs.) . 
It is axiomatic t h a t  bac te r i a  play a r o l e  i n  t h e  
re leas ing  or reminera l i za t ion  of t h e  n u t r i e n t s  i n  f e c a l  
p e l l e t s .  Gonllez and Biddanda (1990) found t h a t  bac te r i a  
and p r o t i s t s  toge the r  had t h e  g r e a t e s t  impact o n  the  decay 
r a t e  of f e c a l  p a l l e t s .  could the  r o l e  of b a c t e r i a  and 
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heterotrophic flagellates in remineralizing feces vary 
seasonally in subarctic waters? Choanoelagellatee, known 
bacteriovorer, are abundant early in the Newfoundland spring 
bloom (McKenzie, unpubl. data) and have been found on the 
surface of feces (Gonzdlez & Biddanda, 1990; McKenzie 
unpubl. obs.) . 
Previous work done during the spring bloom in 
conception Bay, Newfoundland, shows very law bacterial 
numbers and activity (Poneroy and Deibel, 1986). Marc 
recent work suggests that it is tha level of substrate that 
controls the activity of bacteria at -1' C (Pomeroy, et al., 
1991). This relationship between substrate levels (DFIVL) 
and bacteria numbers is more obvious in the July and October 
closed experiments (Figs. 6.10 L 6.12). The peaks in D F M  
concentrations in the open experiments (Fig. 6.11) occur. at 
the same time that feces with 1 50% degraded membranes or 
fragmenting pellets are found, suggesting that the feces are 
releasing DFAA into the water (Fig. 6.1 6 6.2). The initial 
colonization of bacteria and heteratrophic flagellates on 
the feces may cause breakage of the membrane and release of 
D F M  (Cho & A z a l ,  1988). Since substrate levels are low in 
the water colulnn in the spring (Helleur, et al., unpubl. 
obs.), fecal pellets may represent small microcosms of 
energy. The slow sinking velocities ( 5  - 35 rn day.') and 
the "rapidm decay of these feces suggests that spring 
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copepod fecal pellets are recycled in the upper water 
column. This is substantiated by sediment trap samples in 
which few copepod feces are found (MeKenlie unpubl. obs.). 
6.5.2 SONE&S18911 OI. DECAY SETUPS 
One purpose of my work was to cornpare laboratory and 
field decay rates for Calanus finmarchicus fecal pellets. 
Open and closed setups were used to determine the effect of 
water exchange. Contamination due to contact with the 
container walls was possible in all set ups. Gowing end 
Silver (1983) pointed out that this may result in faster 
decay rates in laboratory studies compared to those 
occurring in nature. Hence, the rates I obtained may be 
maximal, but I feel that the results and processes observed 
are accurate descriptions of the decay of c. finearchicus 
fecal pellets in coastal Newfoundland waters, although they 
may nore accurately depiot the decay of feoes within marine 
snow than as a free falling pellet. 
The closed experiments in the laboratory end field gave 
similar data for each month, with the rate of daoay 
intermediate between the field and laboratory open 
experiments. Bacteria numbers in the closed experiments are 
lower then in open experiments (Pigs. 6.8-6.10) and DFAA 
concentrations tend to decrease in surrounding water. 
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whenever pellets fragment and release DF?.us, there is a 
brief resurgence of bacteria. This is followed by a 
decrease in D r M s  and bacteria nmbees, indicating the 
importance of substrate levels for bacteria (Kellee, et al., 
1982: PomBray, et al., 1991). 
The open experiments permitted the exchange of 
nutrients, bacteria, and nanoplankton between tube water and 
the surrounding water. The degree to which this exchange 
oocurred is unknown since the bacteria numbers in the tube 
water are different from those in the surrounding water 
(Fig. 6.8 P 6.91. This differenoe is more pronounced in the 
laboratory than in the field. In July and Octobar, bacteria 
numbers are higher in the laboratory than field, suggesting 
the possibility for enhanced decay in the laboratory. The 
feces in the open erperiments appear to be affecting the 
"local" water within the tuber in terms of bacteria numbers. 
Peaks of bacteria in the tube water occur at the same time 
as pellets are fragmenting, implying that the feces are 
releasing bacteria into the surrounding water. GonZalee and 
Biddanda (1990) found a similar result when they decayed 
feces in running North Sea water. 
The differences in the decay rate between the set ups 
have inlportant implications for detemining accurate fecal 
Pellet decay rates and understanding the role of fecal 
Pellets in the water column. Previous studies have been 
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done i n  t h e  laboratory under va r ious  cond i t ions ,  from still 
wate r  t o  r evo lv ing  plankton wheels o r  running water (Honjo L 
Roman, 1978; Turner, 1979; Gowing L S i l v e r ,  1983; Gonzilez 5 
Biddanda, 1990; Roy L Poulet .  1990). The r a t e s  of decay 
t h a t  I found i n  my labora to ry  open and dosed experiments 
ag ree  with previous s t u d i e s  t h a t  showed inc reased  decay wi th  
inc reased  temperature (Turner, 1979; Roy 6 Poule t ,  1190).  
The r a t e  of si and POC l o s s  from t h e  feces  in t h e  f i e l d  open 
experiments may have been dependent on temperature,  b u t  t h i s  
can n o t  be determined from my da ta  s e t .  The o v e r a l l  decay 
r a t e s  f o r  t h e  feces  i n  t h e  f i e l d  open experiments exceed 
those  found i n  l abora to ry  s t u d i e s  (Honjo 6 Roman, 1978; 
Turner, 1979; Roy L Poulet ,  1990; t h i s  s t u d y ) .  The con ten t  
of c. f i n w c h i c u s  feoa l  p e l l e t s  v a r i e s  seasona l ly ,  wi th  
f a l l  feces being f i l l e d  with b a c t e r i a  (Chapter 3 ) .  T h i s  is 
r e f l e c t e d  i n  t h e  2-3 f o l d  higher number of b a c t e r i a  p resen t  
i n  t h e  f a l l  decay study (Pigs.  6.8-6.10). Whether it is t h e  
con ten t  of t h e  feces ,  t h e  water temperature,  or microbe and 
f l a g e l l a t e  numbers i n  t h e  water column t h a t  c o n t r o l  t h e  
decay r a t e  can n o t  ba determined from my study.  Di f fe ren t  
DFAA composition and r e l a t i v e  peroentages are found between 
f i e l d  open and both l abora to ry  open and closed experiments 
(Table 6 .2 ) .  suggesting d i f f e r e n t  decay p rocesses  between 
t h e  f i e l d  and laboratory.  More work needs t o  b e  done on t h e  
seasona l  decay r a t e  of f e c a l  p e l l e t s  i n  t h e  f i e l d  and on t h e  
processes that control this decay. 
Differences in the decay rate of flnmarchicus 
fecal pellets occur between the field and laboratory. In 
the field, fecal pellets in April, July and October are 
completely decayed or have lost 2 50% of their nutrient 
content within two weeks (Table 6.1). The extent to which 
these fecal pellets can contribute to the nutrient flux will 
depend on their ability to sink out of the upper mixed 
layer. Calculating sinking veloaities foe r. finmarchicus 
fecal pellets reveals that fall feces (25-95 m day") sank 
at velocities Fa. 2-20 times higher than those in the spring 
(5-35 1. day'') and summer (10-40 rn day"), indicating that 
fall feces have a greater potential in exiting the upper 
mixed layer. Thus, the role of C. U n m a r o h h  fecal 
pellets in the water column may vary seasonally, with spring 
and early summer feces tending to be recysled in the upper 
water column. Fall feces are filled with bacteria and 
nanopiankton (Chapter 3) suggesting that the microbial loop 
can contribute seasonally to the nutrient flux via copepod 
feces. 
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rigura 6.1: P a l l e t  S t a t e  Measurements in the Field Open 
Bqeeiments.  
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~1gu.e 6.21 pellet Stata Measurements in the Laboratory 
Open Experiments. 
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Figure 6.3: Pellet State Measurements in the Closed 
Experiments. 
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rigure 6 .48  Pellet state Measurements in the Spring 
Laboratory Open and Closed Experiments. 
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Figure 6.5: W C  and Silicate concentrations in the Feces in 
the Field open Experiments. Error Bars 
Represent Standard Deviations ( n = 3 ) ,  Triplicate 
Samples Were Taken Every 4 Days. 
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rable 6.18 ~nitial and Final Seasonal Concentrations of 
Particulate organic Carbon (POC) and Particulate Silicate in 
the Feces. 
DKCAY APRIL JULY OC~OBER 
SETUP 6'9 ~"n-' P9 W"" Pg Wm" 
FIELD OPEN 
POC i= 3.4~10" 2.5~10" 
** 
2.1~10.' 
f= 1 . 4 ~ 1 0 ~ ~  5.4~10.' 
IrBORAToY O P T  
POC L- 4.2~10.' 2.0~10'7 
** 
2.0~10.7 
t= 3.8~10.' 7.1~10.' 
CWSED 
POC i= 4.3~10" 2.6~10.~ 
** 
1.7~10~' 
f- 5.5~10" 8.3xlC8 
i = initial concentration 
f = final concentration 
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P1gu.e 6.61 POC and silicate Concentrations in the Feces in 
the Laboratory Open Experiments. Error Bars 
Represent standard Deviations (n=3), Triplicate 
Samples Were Taken Every 4 Days. 
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Figure 6.0 ,  Baoteria Counts i n  the  Feces and Tuba Water i n  
the  F i e ld  open Experiments. Error Bars 
Represent Standard Deviations (n=3) .  
enctcda counts/~allct Volume 
*. .--. Octobsr 0-.. 0 July 
,250 
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Pig~re 6.7: POC and Silicate concentrations in the Feoes in 
the Closed Experiments. Error Bars Represent 
standard Deviations ( " ~ 3 ) .  Triplicate Samples 
Were Taken Every 4 Days. 
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p i p e  6.9: ~acteria counts i n  the  ~eces and Tube water in  
t h e  Laboratory Open Exprinents.  mror Bars 
Represent standard Deviations (n=31. 
8aaerla counh/Pallat Volume 
~c I- .a miil o-.. o July .-a Odobcr 
,250 
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rigure 6 . ~ 0 :  ~acteria counts in the ~eces and ~ u b e  water in 
the Closed Experiments. Error Bars Represent 
standard Deviations (n=31. 
Bacteria Count./Water Volume 
< 3.000 
f 2.500 
Table 6.2: Seasonal Percent of DFAA Composition in Tube and 
Surrounding Water. 
8EFSON MIWO W I D  
DECAY 8EETP A~P:GLU:ABN:~BII:OLY:TIIR:MT*:~:P~L:ILE:LE~ILY~ 
Spring-Lab. Open 
Tubewater 19: 18: 6: 11: 8: 3: 1 3 :  5: 3: 2: I: 11 
Ambient 22: 20: 3: 9: 8: 2: 21 : 3: 2: 0: 0: 10 
Spring-Closed 
Laboratory 16: 6: 2: 19: 12: 3: 17 : 7: 4: 4: 1: 9 
summer-~ield Open 
Tube Water 26: 14: 2: 17: 10: 7: 14 : 5 :  5: 0: 0: o 
Bay water 24: 12: 1: 16: 13: 5: 15 : 8: 6: 0: 0: o 
Summer-Lab. Open 
Rlbe water 24: 25: 1: 14: 9: 1: 16 : 7: 3: 0: 0: o 
Ambient 22: 27: 2: 13: 8: 2: 14 : 7: 4: 0: I: 0 
summer-closed 
Field 23: 24: 1: 13: 9: 0: 14 : 9: 7: 0: 0: 0 
Laboratory 24: 20: 2: 16: 9: 0: 16 : 7: 5: 0: I: 0 
Fall-Field Open 
Tube Water 22: 11: 1: 15: 14: 18: 10 : 4: 2: 2: 1: 0 
Bay water 24: 4: 0: 18: 12: 13: 12 : 5: 2: 6: 3: 1 
Fall-Lab. Open 
~ u b e  water 28: 7: 0: 21: 13: 2: 16 : 5: 3: 2: 1: 2 
Ambient 27: 11: 0: 17: 13: 1: 18 : 7: 4: I: .5: - 5  
Fall-closed 
Pield 28: 13: 0: 18: 13: 1: 15 : 5: 3: 3: 1: 0 
Laboratory 30: 7: 0: 23: 10: 0 :  15 : 6: 4: 2: 1: 2 
*AAT is a group conposed Of ARG, A m ,  TYR 
Bigure 6.11s DFAA Concentrations in the Tube Water in the 
Field and Laboratory Open Experiments. Error 
Bars Represent Standard Deviations (n=3).  
Triplicate Samples were Taken Every 4 Days. 
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Figure 6.12: DFAA Concentrations in the mbe Water in the 
Closed Experiments. Error Bars Represent 
Standard Deviations (n-3). Triplicate Sampler 
Were Taken Every 4 Days. 
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UENERAL CONCLUSIONS 
7.1 PBCAL PSLJBT POTENTIAL TO CONTRIBUTB TO TRE WTRIENV 
PLPI( 
The seasona l  p o t e n t i a l  of f e c a l  p e l l e t s  t o  l eave  t h e  
upper n i x e d  l aye r  and c o n t r i b u t e  t o  t h e  n u t r i e n t  f l u x  can 
vary. It is con t ro l l ed  no t  by haw f a s t  the  feces  decay, bu t  
by t h e  t y p e  of phytoplankton inges ted ,  which a f f e c t s  t h e i r  
dynamic d e n s i t y  and n u t r i e n t  con ten t .  Changes i n  t h e  
conpos i t ion  of t h e  f e c a l  p e l l e t s  r e f l e c t  t h e  r e l a t i v e  
suacess ion  of p a r t i c l e s  a v a i l a b l e  i n  t h e  water column ( F i g s .  
3.1-3.4, Table 3.1 6 3 . 2 ) .  Thia agrees  with p rev ious  
s t u d i e s  i n  which both ge la t inous  f i l t e r  f eeders  and 
c rus tacean  copepods have been round t o  be nonse lec t ive  
suspension feedere (Poulet ,  1978; Cowlea, 1979; Alldredge 6 
Madin, 1982; Deibel  6 Turner, 1985; Ishimaru, e t  e l . ,  1988).  
F a l l  Calanus f inmarchicus f e c a l  p e l l e t s  are f i l l e d  with 
b a c t e r i a  and c i l i a t e s  (Pig.  3.3),  ind ica t ing  t h a t  both 
copepods and t u n i c a t e s  can i n g e s t  members of t h e  mic rob ia l  
loop. The inc lus ion  of b a c t e r i a  and nanoplankton i n t o  c. 
e inaa rch icus  f e c a l  p e l l e t s  may have be due t o  t h e i r  f eed ing  
an marine snow. These changes i n  f a c e s  composition r e f l e c t  
a ohange i n  t h e  predominance of t h e  "o lass ic"  diatom-based 
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food cha in  i n  the  sp r ing  t o  one based on the microbial  loop  
i n  t h e  f a l l  (Pig. 3.5).  
  he changes i n  the phytoplankton oontent  of t h e  f e c e s  
r e f l e c t  changes in t h e  food web s t r u c t u r e  and a f f e c t  t h e i r  
dynamic dens i ty .  The dynamic dens i ty  is t h a t  which is 
con t ro l l ed  by the sompastness of the component p a r t i c l e s .  
Thus, feces  f i l l e d  with nanoplankton and bac te r i a  have lower 
packing ind ices  (P. 1.- 3.5-5)) than  p e l l e t s  f i l l e d  with 
diatoms (P.1.- lt-25%; Table 4.3).  and they have 
corresponding higher dens i t i e s  (Table 4.1).  This change i n  
f e c a l  p e l l e t  content  r e s u l t s  i n  s i g n i f i o s n t  d i f fe rences  i n  
t h e  seasona l  range and median dens i ty  f o r  both r. 
f i n n s r c h i c w  and g. vanhoeffeni. (Table 4.1). These r e s u l t s  
c o n t r a d i c t  values repor ted  by Bienfang (1980) and va lues  
ob ta ined  using conventional l i t e r a t u r e  methods (Chapter 4 ) .  
The dynamic dens i ty  of t h e  feca l  p e l l e t s  has important 
impl ica t ions  i n  accurately determining t h e  p o t e n t i a l  
c a p a b i l i t i e s  o f  f eces  t o  leave t h e  upper mixed l a y e r  and t o  
c o n t r i b u t e  t o  t h e  v e r t i c a l  n u t r i e n t  f lux .  my r e s u l t s  
i n d i c a t e  t h a t  zooplankton feca l  p e l l e t s  f i l l e d  wi th  b a c t e r i a  
and nanoplankton have a g rea te r  p o t e n t i a l  i n  leaving t h e  
upper mired l aye r  than  do those f i l l e d  with diatoms, thus  
t h e  microbial  loop may be important  seasonally i n  
con t r ibu t ing  t o  the v e r t i c a l  n u t r i e n t  f lux .  
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v e r t i c a l  n u t r i e n t  f l u x  (Bruland 6 S i l v e r ,  1981; s i l v e r  6 
Bruland, 1981; Madin, 1982; Matasuda, et a l . ,  1986; 
Bathmann, 1988).  Using t h e  equations developed i n  Chapter 5 
and t h e  d e n s i t y  da ta  from Chapter 4 ,  p red ic ted  seasona l  
s e t t l i n g  v e l o c i t i e s  f o r  T. f inmarchicus were ca lcu la t sb .  
Spring and summer feces  s ink  a t  v e l o c i t i e s  (5-40 m day'') 
t h a t  suggest  they  are l i k e l y  t o  be  recyc led  i n  t h e  upper 
mired l aye r ,  while f e l l  f eces  s i n k  a t  25-95 m day.', 
i nd ica t ing  a g r e a t e r  p o t e n t i a l  f o r  l eav ing  t h e  upper mixed 
l ayer  and f o r  con t r ibu t ing  t o  t h e  n u t r i e n t  f lux .  Both 
Copepod and t u n i c a t a  f eces  s ink  i n  a d iagona l  o r i e n t a t i o n  
and r o t a t e .  Th i s  behavior may enhance t h e i r  a b i l i t y  t o  form 
aggregates and be traneported o u t  of t h e  upper nixed l aye r .  
The magnitude of t h e  seasonal  f l u x  of fecal p e l l e t s  is 
oon t ro l l ed  n o t  only by t h e i r  biomass and  s e t t l i n g  v e l o c i t y  
bu t  by t h e i r  decay r a t e  and n u t r i e n t  con ten t .  I n  t h e  f i e l d ,  
t h e  decay r a t e  of c. f e c a l  p e l l e t s  war found t o  
be independent of reason (Chapter 6 ) .  suggesting t h a t  i n  
na tu re ,  telnparature alone does n o t  c o n t r o l  t h e  decay Fa te  of 
f eces .  This is in con t ras t  t o  t h a t  w h i c h  h a s  been found i n  
t h e  l abora to ry  (Turner, 1979; Roy & Poule t ,  1990). There is 
a need t o  look a t  t h e  seasonal ,  b io log ica l ,  i n  sit" 
mechanisms of degradation of f e c a l  p e l l e t s .  What a f f e c t s  
decay of f e c e s  and can it vary eeasona l ly l  As t h e  f e c a l  
P e l l e t s  decay and f r a m s n t  they  r e l e a s e  DPMS i n t o  t h e  
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surrounding water, ind ica t ing  t h a t  f e c a l  p a l l e t s  can bs a 
good source of DOM (dissolved organic mat te r ) .  
1. Feoal p e l l e t  p o t e n t i a l  t o  con t r ibu te  t o  the  v e r t i c a l  
n u t r i e n t  f l u x  i s  con t ro l l ed  not  by how f a s t  they decay but 
by t h e i r  a b i l i t y  t o  leave t h e  upper mixed l ayer ,  e i t h e r  
ind iv idua l ly  or i n  marine snow. 
2. The a b i l i t y  of f eces  t o  l eave  t h e  upper nixed layer i s  
 ont trolled pr imar i ly  by the  type of phytoplankton ingested 
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